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Abstract Microwave photonics (IVIWP) is an emerging field in 
which radio frequency (RF) signals are generated, distributed, 
processed and analyzed using the strength of photonic tech- 
niques. It is a technology that enables various functionalities 
which are not feasible to achieve only in the microwave domain. 
A particular aspect that recently gains significant interests is the 
use of photonic integrated circuit (PIC) technology in the MWP 
field for enhanced functionalities and robustness as well as the 
reduction of size, weight, cost and power consumption. This 
article reviews the recent advances in this emerging field which 
is dubbed as integrated microwave photonics. Key integrated 
MWP technologies are reviewed and the prospective of the field 
is discussed. 
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1. Introduction 

Microwave photonics (MWP) |T-'4l, a discipline which 
brings together the worlds of radio-frequency engineering 
and optoelectronics, has attracted great interest from both 
the research community and the commercial sector over 
the past 30 years and is set to have a bright future. The 
added value that this area of research brings stems from the 
fact that, on the one hand, it enables the realization of key 
functionalities in microwave systems that either are com- 
plex or even not directly possible in the radio-frequency 
domain and, on the another hand, that it creates new oppor- 
tunities for information and communication (ICT) systems 
and networks. 

While initially, the research activity in this field was 
focused towards defense applications, MWP has recently 
expanded to address a considerable number of civil applica- 
tions |[l}Q, including cellular, wireless, and satellite com- 
munications, cable television, distributed antenna systems, 
optical signal processing and medical imaging. Many of 
these novel application areas demand ever-increasing val- 
ues for speed, bandwidth and dynamic range while at the 
same time require devices that are small, lightweight and 
low-power, exhibiting large tunability and strong immunity 
to electromagnetic interference. Despite the fact that digital 
electronics is widely used nowadays in these applications, 
the speed of digital signal processors (DSPs) is normally less 
than several gigahertz (a limit established primarily by the 
electronic sampling rate). In order to preserve the flexibility 



brought by these devices, there is a need for equally flexible 
front-end analog solutions to precede the DSP. Thus, there 
is a need of a wideband and highly flexible analog signal 
processing engine. Microwave photonics offer this function- 
ality, by exploiting the unique capabilities of photonics, to 
bring advantages in terms of size, weight and power (SWAP) 
budgets in radio-frequency signal processing. 

As an emerging technology. One of the main driving 
forces for MWP in the near future is expected to come from 
broadband wireless access networks installed in shopping 
malls, airports, hospitals, stadiums, and other large buildings. 
The market for microwave photonic equipment is likely to 
grow with consumer demand for wireless gigabit services. 
For instance, the IEEE standard WiMAX (the Worldwide In- 
teroperability for Microwave Access) has recently upgraded 
to handle data rates of 1 Gbit/s, and it is envisaged that many 
small, WiMAX-based stations or picocells will soon start 
to spring up. In fact, with the proliferation of tablet devices 
such as the iPads, more wireless infrastructure will be re- 
quired. Furthermore, it is also expected that the demand for 
microwave photonics will be driven by the growth of fiber 
links directly to the home and the proliferation of converged 
and in-home networks. To cope with this growth scenario, 
future networks will be expected to support wireless commu- 
nications at data rates reaching multiple gigabits per second. 
In addition, the extremely low power consumption of an ac- 
cess network comprised of pico- or femtocells would make 
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it much greener than current macrocell networks, which 
require high-power base stations. 

For the last 25 years, MWP systems and hnks have rehed 
almost exclusively on discrete optoelectronic devices and 
standard optical fibers and fiber-based components which 
have been employed to support several functionalities like 
RF signal generation, distribution, processing and analy- 
sis. These configurations are bulky, expensive and power- 
consuming while lacking in flexibility. We believe that a 
second generation, termed as Integrated MicrowsLve Photon- 
ics (IMWP) and which aims at the incorporation of MWP 
components/subsystems in photonic circuits, is crucial for 
the implementation of both low-cost and advanced analog 
optical front-ends and, thus, instrumental to achieve the 
aforementioned evolution objectives. This paper reviews 
the salient advances reported during the last years in this 
emergent field. 
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Figure 1 Schematics of (a) an MWP link and (b) a simple MWP 
system. The MWP link basically consists of a modulation device 
for E/0 conversion and a photodetector for 0/E conversion. Such 
an MWP link with added functionalities between the conversion 
will make an MWP system. 



2. Fundamentals of microwave photonics 

The heart of any MWP system is an MWP link. As depicted 
in Figure [T] (a), the link consists of a modulation device 
for electrical-to-optical (E/O) conversion connected by an 
optical fiber to a photodetector that does the 0/E conversion. 
Most of the MWP links used today employ the intensity 
modulation-direct detection (IMDD) although as will be dis- 
cussed in Section[5] phase or frequency modulation schemes 
in combination with either direct detection or coherent de- 
tection are also gaining popularity. From the point of view of 
the modulation device, the modulation scheme employed in 
MWP links can be divided into two broad categories: direct 
modulation or external modulation. In the former, the mod- 
ulation device is a directly modulated laser (DML) that acts 
as both a light source and the modulator, while in external 
modulation the modulation device consists of a continuous 
wave (CW) laser and an external electro-optic modulator 
(EOM). Virtually all MWP links use p-i-n photodetectors 
for the 0/E conversion. An excellent review of the range of 
devices that have been used in MWP links can be found in 
Chapter 2 of Ref |5|. 

An MWP system is established by means of adding 
functionalities between the two conversions, i.e. process- 
ing in the optical domain (Figure [T](b)). The advantage of 
optical processing includes the large bandwidth, constant at- 
tenuation over the entire microwave frequency range, small 
size, lightweight, immunity to electromagnetic interference 
and the potential of large tunability and low power con- 
sumption. The capabilities of such MWP systems include 
the generation, distribution, control and processing of mi- 
crowave signals. Some of the key functionalities in this case 
are high fidelity microwave signal transport, true time delay 
and phase shifting of microwave signals, frequency tunable 
and high selectivity microwave filtering, frequency up and 
down conversions and microwave carrier and waveform 
generations. 

In order to obtain full functionalities from the MWP sys- 
tems, the MWP link needs to reach sufficient performance. 



The main hurdle for this is the fact that the E/O and 0/E con- 
versions add loss, noise and distortion to the RF signal being 
processed. Moreover, the relation between the RF loss and 
the optical loss in the MWP link is quadratic. This means 
that it is imperative to minimize the optical losses. For these 
reasons, we have seen that the best part of MWP activities 
of the 80 's and 90 's has been dedicated to design and to 
optimize the performance of MWP links. In the next section 
the figures of merit of MWP links is described. Comprehen- 
sive reviews of the progress in MWP links performance are 
reported in |[6]|7|. 

2. 1. Figures of merit 

The important figures of merit for MWP links are link gain, 
noise figure, input/output intercept points and spurious free 
dynamic range (SFDR). These metrics show the impact of 
losses, noise and nonlinearities in the link. 

The link gain describes the RF to RF power signal trans- 
fer in the MWP link or system. Due to the limited conversion 
efficiencies in the modulation device and photodetector, it 
is common that the MWP link shows negative link gain in 
the decibel scale, i.e. a net loss. This is especially true for 
the case of direct modulation since the link gain depends 
only on three parameters, namely the laser slope efficiency, 
the photodetector responsivity and the optical loss in the 
system. In the case of lossy impedance matching employed 
at the laser and the photodetector , the link gain of of direct 
modulation link can be expressed as 

^link,DM ^ j (I) 

^ In this case the impedances of both the modulation device and 
the photodetector are regarded as purely resistive, and resistors 
are added in series or in parallel to match the input and output 
impedances to the 50 Q. source and load resistances. For in-depth 
discussion of impedance matching in MWP links the reader is 
referred to Chapter 2 of Ref |5 1. 
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where ^ld is the laser slope efficiency in W/A, rpD is the 
photodiode responsivity in AAV and L is the optical loss 
in the link defined as L = [1..°°]. In the case of external 
modulation, the link gain is a function of relatively more 
parameters, involving the laser, the EOM and the photode- 
tector. For example, for a link employing a CW laser with 
output optical power Pq and a Mach-Zehnder modulator 
(MZM) with an insertion loss of Lmz, an RF half- wave volt- 
age of V;r,RF and a biased at the angle of = 7ryb/V;r,DC5 
the link gain for the case of lossy impedance matching can 
be expressed as 



^link,MZ ^ 



nrpj^Ri^Pp sin^ 

4LMzV;r,RF 



(2) 



where 7?l is the load resistance and V7r,RF is the (frequency- 
dependent) RF half- wave voltage. A careful look at Eq.([2]) 
will reveal that the link gain scales up quadratically with 
the input optical power from the laser. This means that the 
link gain can be increased by pumping more optical power 
to the system. This technique has been effectively used to 
demonstrate MWP links with net gain (i.e. positive link 
gain) instead of loss, where the value as high as +44 dB 
has been demonstrated using an ultra-low half- wave voltage 
MZM |[8|. Comparing Eq.Q and Eq.([2]) one can identify 
that the gain of a direct modulation MWP link is relatively 
more difficult to increase since the most of the time the laser 
and photodetector have fixed range of slope efficiency and 
responsivity. 

The E/O and O/E conversions also add noise to the 
MWP system. The dominant noise sources are thermal noise, 
shot noise and relative intensity noise (RIN). In case of 
systems with optical amplifiers, the amplified spontaneous 
emission (ASE) noise of the amplifier will often dominate 
over the other sources. The total noise power in the link 
(with a receiver electrical bandwidth B) comprises of the 
electrical powers delivered to a matched load for the three 
sources considered above. Hence: 



= (1 + <^link) Ah + ^ /^shot + ^ Prin 



(3) 



where /7th and /?th are the thermal noise, shot noise and 
RIN powers defined as 



/?th kTB 



/^shot = 2qIj)BRi^ 



/?rin = RIN/d^5/?l. 



(4) 



(5) 



(6) 



The quantity /d in the equations above is the average pho- 
tocurrent. For an MWP link with MZM, the photocurrent 
can be expressed as 



MZ ■ 



rppPp 
2Lmz 



The noise figure is a useful metric that measures the 
signal-to-noise ratio (SNR) degradation in the system, ex- 
pressed in decibels. It is determined by the noise power and 
the link gain and can be written as 



NF= lOlog 



10 



\g\mkkTB 



(8) 



(1 -COS(/>b) . 



(7) 



The noise figure is often used as an important measure 
of the usefulness of MWP links and systems. In recent 
years, efforts are directed towards realizing MWP links with 
sub- 10 dB noise figure. Several groups have been success- 
ful achieving this feature using the low biasing of a low 
Vji MZM in conjunction with a very high power optical 
source and a customized high power-handling photodetec- 
tor |[9)p^ . Low biasing the MZM away from the quadra- 
ture ((^ = ;r/2) towards the minimum transmission point 
((^ = 0) is advantageous for the noise figure because the 
noise powers reduces faster with the bias compared to the 
reduction of the link gain. This can be seen from Eq. ^ 
and Eq. Sub- 10 dB noise figure has also been achieved 
by using a high power source, a dual-output MZM and a 
balanced detection scheme (^.TT]. By carefully matching 
the path length of the fibers going to the balanced photode- 
tector (BPD) the RIN which is common mode noise in the 
paths can be canceled. The most recent review of progress in 
achieving MWP hnk gain with G > dB and NF < 20 dB 
can be found in 1 12 |. 

The E/O and O/E conversions in the MWP link also add 
nonfinear distortions to the output RF signal. The most 
common way to probe these nonlinearities is to use the so- 
called two tone test. In such a test, the input to the link is a 
pair of two closely spaced tones, for example at frequencies 
/i and /2. Due to the nonlinear response of the link (i.e. com- 
ponents Hke the EOM or the photodetector), these tones will 
generate new frequency components called the intermodula- 
tion distortions (IMDs). The second-order intermodulation 
(IMD2) is generated due to the quadratic nonlinearity in the 
link and the frequency components appear at the sum and 
the difference of the modulating frequencies (/i ±/2). The 
third-order intermodulation (IMDS) is generated by cubic 
nonlinearity in the link and appear at the sum and the dif- 
ference of twice of one frequency with the other frequency 
(2/i ± /2, 2/2 ± /i ). An illustration of the output two tone 
test spectrum of an MWP link depicting the fundamental 
tones and the IMDs is shown in Figure [2] The spectrum in 
this figure reveals that the distortion component that fall 
closest to the fundamental signals are the IMDS terms at 
2/1 — /2 and 2/2 — /i , which most of the time cannot be fil- 
tered out. Thus, there is hardly any usable signal bandwidth 
that is free from these spurious signals. For this reason the 
IMDS is regarded as the main limiting distortion factor in 
MWP links. As for the even order distortions, the IMD2 fall 
relatively far from the fundamental signals. But as the sig- 
nal bandwidth increases, the separation between the signals 
and these distortion terms reduces. For a wideband system 
with a multioctave signal bandwidth, i.e. the case where the 
highest frequency component of the signal, /high is more 
that twice of the lowest frequency component, /low, IMD2 
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Figure 2 An illustration of a typical two-tone test output RF spec- 
trum of an MWP link. IMD: intermodulation distortion, HD: har- 
monic distortion. 



will interfere with the signal. This is in contrast with a nar- 
rowband system with sub-octave bandwidth (/high < 2/iow) . 
where IMD2 can easily be filtered out. 

It is often useful to investigate how the power of each 
component in the output spectrum shown in Figure |2] varies 
with the input signal power. Such plot is shown in Figure |3] 
Here we have plotted the fundamental signal and the IMD2 
and IMD3 powers decibels. The fundamental signal, being 
linearly dependent on the input signal, is plotted as line with 
the slope of one. The IMD2 power has a quadratic relation 
with the input RF power and thus in such a plot will appear 
as a line with a slope of 2 with respect to the input signal 
power. The IMD3, having a cubic dependence with the input 
power, is plotted as a line with the slope of 3. At some point, 
the extrapolated fundamental power and the order IMD 
power will intersect. This intersection is known as the inter- 
cept point. Depending on which power this point is referred 
to, for each distortion order an input intercept point (IIP^) 
and output intercept point (OIP^) can be defined. These two 
intercept points are related to each other by the link gain 
via the relation OIP^ (dBm) = IIP^ (dBm) + Gunk (dB). It 
is important to mention however, that these intercept points 
cannot be directly measured since the fundamental pow- 
ers will undergo a compression |13| . For this reason, the 
intercept points are deduced from the extrapolation of the 
measured fundamental and IMD powers. 

It is useful to inspect the expressions of the intercept 
points of an MWP link with an MZM. The reason is that the 
nonlinearity profile is well known due to the well-defined 
sinusoidal transfer function of the MZM. Since the perfor- 
mance of such a link is well- explored, often its intercept 
points are used as the benchmarks for judging the perfor- 
mance of a novel type of MWP links and systems. We will 
see later on in Section [5] that it is indeed the case. The IIP2 
and IIP3 of an MZM link can be written as 




Input 
RF power 
(dBm) 



Figure 3 The relation of the input RF power to an MWP link 
with the output RF powers of the fundamental tone and the IMD 
products expressed in decibels. From such a graph, key link 
metrics such as gain, intercept points and SFDR can be deduced. 
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The IIP2 is very sensitive to the bias angle and ideally goes 
to infinity at quadrature because the even order distortion 
vanishes at this bias point. The IIP3 is, however, independent 
of the bias angle and virtually depends only to the modulator 
RF half- wave voltage. The simplicity of the IIP3 expression 
is very useful when comparing the performance of different 
types of links. The 0IP3 of an MZM link on the other hand, 
is bias dependent. However, the expression for the 0IP3 at 
quadrature bias is very simple, which is 



0IP3r 



(11) 



where /q is the average (DC) photocurrent in the quadrature 
bias case, which can be obtained by substituting ^ = 7t/2 
into Eq. ([7]). 

The figure of merit that incorporates the effect of noise 
and nonlinearity in the MWP link is the spurious-free dy- 
namic range (SFDR). The SFDR is defined as the ratio of 
input powers where, on the one hand, the fundamental signal 
power is equal to the noise power and, on the other hand, the 
n^^-order intermodulation distortion (IMD^) power is equal 
to the noise power. In terms of output powers, this can be in- 
terpreted as the maximum output SNR that can be achieved 
while keeping the IMD^ power below the noise floor. The 
latter definition is illustrated in Figure [3] For link designers, 
it is desirable to express the ^*-order SFDR (SFDR„) in 
terms of other link measurable parameters such as the link 
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gain, noise figure, and the intercept points. Such expressions 
can also be deduced from Figure [3] The SFDR„ in terms of 
IIP^ can be written as : 

SFDR„ = (IIP^ - NF + 174) (12) 
n 

where the SFDR, IIP3 and NF are expressed in decibels. 
Alternatively we can express the SFDR in terms of OIP^, 
yielding 

n-\ 

SFDR„ = (OIP^ - NF - Giink + 174) . (13) 

n 

Again, here Gunk is the link gain in decibels. SFDR^ is 

(n-\ \ 

usually expressed in dB • Hzv n ) . This is essentially the 
same as saying that the SFDR is measured in dB in 1 Hz 
noise bandwidth. However, in practice the noise bandwidth 
is larger than 1 Hz. In this case, it is useful to inspect how 
the SFDR scales with the bandwidth {B), as shown in the 
following equation: 

SFDR„ (5 Hz) = SFDR„ (1 Hz) - (^^^^ lOlogio [B) . 

(14) 

As an example, consider a system with an SFDR3 of 
110 dB.Hz^/^ To calculate the SFDR3 in 1 MHz band- 
width, first we calculate the factor lOlogio(^) which is 
60 dB. Thus, the dynamic range in 1 MHz is 70 dB. 

Optimizing the SFDR of an MWP link in a wideband 
manner has been the holy-grail in microwave photonics. As 
mentioned earlier, using an MZM one can achieve noise 
figure reduction via low biasing. According to Eq. ([TO]) and 
Eq. ( p^ , the third-order SFDR of such a link can be in- 
creased. However, the low biasing reduces the IIP2 dramati- 
cally, making the link only suitable for narrowband (i.e., less 
than one octave bandwidth) signals. Moreover, the SFDR of 
the MZM link is always bounded by the third-order nonlin- 
earities of the MZM. For this reason in the past people have 
turned to linearization techniques to overcome the MZM 
nonlinearities. However, the distortion cancellation often 
works only in a relatively narrow operating bandwidth and 
is critically sensitive to the modulator parameters 1 14 |. A 
type of link that has been theoretically predicted to show 
a very large dynamic range (over 150 dB • Hz^/^) is called 
the Class-B MWP link fTSj. The realization of such a link, 
however, has been found challenging. The properties of 
Class-B MWP links will be discussed in more detail in 
Section [5] Currently successful techniques to push the dy- 
namic range of MWP links have shown the SFDR in the 
range of 120 — 130 dB • Hz^/^. The most recent review of 
the techniques achieving a wideband high SFDR is reported 
inll6J. 

2.2. Applications 

The MWP concept has found widespread applications over 
the last 20 years. The earliest application for MWP tech- 
nique was microwave signal distribution |[2|. Here the MWP 



link is used as a direct replacement of coaxial cables, ex- 
ploiting the advantage in size, weight, flexibility and flat 
attenuation over the entire frequency range of interest. This 
concept is extended for antenna remoting purposes. Here, 
the MWP link is used to separate the highly sensitive and 
complex signal processing part of a radio receiver away 
from the antenna. In this way, the signal processing part 
can be protected in case of antennas deployed in harsh en- 
vironments, for example in radar system 1 17 1 or in radio 
astronomy [ |18J . On the other hand, this concept is also very 
attractive for distributed or multiple antennas system, where 
a large number of antennas are needed to extend the cover- 
age of service, for example in mobile communications. In 
this case, the MWP concept is used to centralize the signal 
processing chain (modulation, filtering etc.) and separate it 
away from the antennas. The advantage is that the antenna 
architecture can be simplified. This is the concept of radio 
over fiber [3y,19J, which is currently the main commercial 
driveiElfor MWP 

Although signal distribution is the main driver for MWP, 
applications like microwave signal generation and process- 
ing are catching up. The generation of high purity mi- 
crowave signals and high complexity ultra-broadband wave- 
forms are the latest development in MWP. The main attrac- 
tion for signal generation using MWP technique is the large 
frequency tunability and the potential of reaching very high 
frequencies (up to the THz region) using relatively simpler 
technique compared to the traditional micro wave/electronic 
approach. Moreover, the distribution of such high frequency 
signals using extremely low-loss optical fibers is also at- 
tractive, which would have been very lossy using coaxial 
cables. For waveform generations MWP techniques offer 
broad bandwidth and the full reconfigurabilities of the phase 
and amplitude of the the RF waveforms |20, 21 1. 

For microwave signal processing, MWP techniques have 
enabled filtering, tunable true time delay and wideband 
phase shifting of microwave signals. The MWP concept 
added value are the operation bandwidth and the potential 
of fast and agile reconfigurabilities of these functionalities. 
Combining these basic functionalities lead to the realization 
of MWP processors for optical beamforming and phase 
array antenna systems. 



3- Integrated microwave photonics 

There are several factors that still distance the MWP concept 
to be widely implemented in real life applications and be- 
yond the laboratory setups. The first factor is performance, 
particularly in terms of dynamic range. Typically MWP 
systems show prominent functionalities (for example true 
time delay or pulse shaping) over a large bandwidth but the 
performance in terms of dynamic range is not good enough 
to actually replace the traditional microwave solution. The 
other factors are reliability and cost. Most of MWP systems 

^ The commercial aspects of MWP were recently covered in 
the Nature Photonics Technology Focus, vol. 5, issue 12, Decem- 
ber 2011. 
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are composed of discrete components, i.e. lasers, modula- 
tors and detectors connected by fiber pigtails. This imposes 
several problems. Discrete components occupy larger size 
while interconnections with fiber pigtails reduce the system 
sturdiness. These lead to reduced reliability of the system. 
Second, the use of discrete components leads to a high sys- 
tem cost since each component will bear packaging cost. 
The use of discrete components might also lead to higher 
power consumption. These factors have counted against 
MWP solutions to replace traditional microwave solutions 
which have reached maturity over years of development. 

The promise of ultra-broad bandwidth and excellent 
reconfigurabilities of MWP systems are still very much tan- 
talizing to be explored if the drawback factors mentioned 
earlier can be addressed. If MWP systems can be more vi- 
able in terms of cost, power consumptions and reliability, 
they will be able to replace microwave solutions for pro- 
cessing beyond only replacing the coaxial cables. Many 
believe that these challenges can be addressed by RF and 
photonics integration [ |22fj25| . With photonic integration, 
one can achieve a reduction in footprint, inter-element cou- 
pling losses, packaging cost as well as power dissipation 
since a single cooler can be used for multiple functions [26|. 
Thus, the MWP functionalities can be brought a step closer 
towards real applications and subsequently commercial mar- 
ketplace. 

Even though at first the concept of integrated MWP 
seems to be very much in line with the recent trend of large 
scale PIC technology | 27 -32], certain differences occur in 
terms of requirements and market/applications scale. Large 
scale photonic integration has heavily been driven by the 
so called "digital" applications, like high capacity optical 
communications and optical interconnects. This concept 
relies heavily on increasing speed, component counts as 
well as incorporating as much functionalities (active and 
passive) in a single chip/technology platform | 33 -36|. Since 
currently there is no single technology platform that offers 
the best performance in all aspects, large scale integration 
often compromises the total photonic system performance. 

Due to the stringent requirements in handling analog 
signals, PIC technology for integrated MWP should show 
high performance, most of the time higher than the one 
expected from the digital applications. Moreover, at the 
present state, MWP is addressing lower-volume market, 
hence lower volume PIC productions. These are the aspects 
that we believe will force PIC technology players to take a 
different approach to integrated MWP. 

In the next section we will highlight a host of PIC tech- 
nologies that have recently been demonstrated in MWP 
systems. Two key criteria that will be discussed from these 
technologies are the performance and the availability to 
MWP community. As have been discussed in the previous 
section, an important objective in MWP processing is to 
optimize the system link gain while maintaining a healthy 
noise figure. This objective thus dictates that the insertion 
loss of the PIC in the MWP system should be minimized. In 
most cases, this will lead to a stringent requirements in the 
propagation loss and the fiber-to-chip coupling losses in the 
PIC. 



As for the availability of PIC technology, integrated 
MWP will hugely benefit from initiatives like ePIXfab 1 37l 
and Jeppix |38 1 in Europe and OpSIS 1 39 1 in the USA, that 
allow users to access fabrication technologies (for silicon 
photonics or indium phosphide technologies) that would 
otherwise be too costly to bear by individual users. This 
is already reflected from the growing number of reported 
integrated MWP devices and systems that have enabled by 
these initiatives. In the next section some of the available 
platforms for integrated MWP are reviewed. 



4. Photonic integration technology 

At this point, commercial wafer scale fabrication of photonic 
devices have crystallized into several major technologies: 
compound semiconductors (GaAs, InP), also referred to as 
III-V, since the constituent elements come from columns 
3 and 5 of the periodic table, nonlinear crystals (LiNbOs), 
dielectrics (silica and silicon nitride based waveguides) and 
element semiconductor (silicon-on-insulator (SOI)). Each 
technology has boast specific strength like light generation 
and detection, modulation, passive routing with low propaga- 
tion loss, electronic integration, ease in packaging, etc. Nev- 
ertheless, integration in single platform without sacrificing 
an overall system performance has not been achieved |40||. 
In the past 20 years, four platforms have been frequently 
used to demonstrate integrated MWP functionalities. They 
are InP, silica planar lightwave circuits (PLCs) , silicon-on- 
insulator (SOI) and Si3N4/Si02, known as the TriPleXTM 
waveguide technology. In this section we will focus on these 
technologies and briefly comment on other technologies 
such as LiNbOs, polymers and chalcogenides in Subsec- 
tion [431 



4. 1. Indium Phosphide (InP) 

The InP platform inherently supports light generation, am- 
plification, modulation, detection, variable attenuation, and 
switching in addition to passive functionalities. For this 
reason, InP photonics is highly attractive for large scale 
photonic integration as have been consistently demonstrated 
by the company Infinera |33|. In this case the PICs are 
highly complex with components (lasers, modulators, ar- 
rayed waveguide gratings) count of more than 400 inte- 
grated in a single chip. The PICs are developed for the ap- 
plication of the high-speed digital optical communications 
(100/500 Gb/s). As for MWP applications |26,31 1, InP PICs 
have been developed for a number of applications, like op- 
tical beamforming | |4T| , fully programmable MWP filters 
using ring resonator structures | 42 - 45 1 and monolithic in- 
tegrated optical phase-locked loop for coherent detection 
scheme |46-48 |. 

It is well known that the propagation losses in InP pas- 
sive optical waveguides can be an order of magnitude higher 
compared to waveguides based on silica or silicon [30|. For 
example, in | 41 1 a waveguide propagation loss of 1.4 dB/cm 
was reported. For some applications this large propagation 
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Figure 4 (a) Illustration of programmable filter array chip, (b) A 
single filter stage and its functional components (SOAs, PMs and 
3 dB MM! couplers) shown schematically, (c) Scanning electron 
microscopy (SEM) image of a programmable photonic filter device 
wire bonded to a carrier, (from [43] courtesy of the IEEE). 

loss needs to be compensated by optical gain from active 
components like semiconductor optical amplifiers (SOAs). 
This is especially important for cascade stages of resonator 
filters in the active MWP filters reported in [42 -44J which 
are highly sensitive to losses. An issue arising with such 
active filters are the noise added from the SOAs that might 
hmit the SFDR of the device. More detail about the SFDR 
of such filters can be found in |45 1. This filter structure will 
be revisited in Section \6?2\ where MWP filter is discussed in 
more details. 

The capability of In? PIC to support modulation and 
detection functionalities has been exploited for coherent 
receiver in phase modulated MWP links. The most critical 
element in this receiver is a linear OPLL for linear phase 
demodulator. Through feedback, the OPLL forces the phase 
of a local (tracking) phase modulator to mirror the phase 
of an incoming optical signal. Thus, the output from the 
photodetector is a scaled replica of the RF input |46|. The 
tracking phase modulator has to nearly instantly track the 
phase deviation out of the photodetector, dictating that delay 
must be very small. This call for photonic and electric circuit 
integration. The most recent approaches in the realization 
of such coherent receiver will be discussed in more details 
in Section 



4.2. Silica PLCs 

Silica glass planar lightwave circuits (PLCs) are widely 
used as key devices for wavelength division multiplexing 
(WDM) transmission and fiber-to-the-home (FTTH) sys- 
tems because of their excellent optical properties and mass- 
producibility. In such applications, the PLCs have been used 
for wavelength multi/demultiplexers, optical add/drop or 
cross-connect switches and programmable filters |49|. The 
silica-based waveguides are very popular due to the very low 
propagation loss characteristic. The lowest propagation loss 



in such a waveguide at A = 1550 nm has been demonstrated 
using a phosphorus-doped silica on silicon waveguide with 
a propagation loss of 0.85 dB/m [ |5Q| . But this has been 
shown on a waveguide with a low refractive index contrast 
of 0.7%. Such a low contrast is less attractive for photonic 
chip integration since it only allows large bending radius 
and hence, larger chip size. 

Several MWP functionalities have been demonstrated 
in silica PLCs over the years. Horikawa et al. have demon- 
strated a true time-delay beamforming network based on 
silica waveguides with an index contrast of 1.5%, a min- 
imum bending radius of 2 mm and a propagation loss of 
0.1 dB/cm | [5T|[52| . More recently Grosskopf et al. demon- 
strated a beamforming network on a lower index constrast 
silica waveguides (A^ = 0.7%) and a minimum radius of 
10 mm |53|. In 2005 Rasras et al. (541 proposed a wide- 
tuning-range optical delay line in a high (A^ = 2%) index 
contrast waveguides. This device integrates four-stage ring 
resonator all-pass filters (APFs) with cascaded fixed spiral- 
type delay waveguides and enables continuous tuning ranges 
up to 2.56 ns. The minimum bending radius and the reported 
propagation loss are 1 mm and 0.07 dB/cm, respectively. 
More details on these functions can be found in Section [T] 

Beside delay lines and beamformer, the silica PLCs have 
also been used to demonstrate integrated frequency discrim- 
inator | [55}j57| (more details in Section [51]) and an arbitrary 



waveform generator (58j (see Section 8.1 ). Recent inves 



ligations in silica PLCs for MWP applications are aimed 
at increasing the index contrast to 4% (and above) and to 
reduce the footprint of the device |59|. 



4.3. Silicon photonics 

Silicon photonics is one of the most exciting and fastest 
growing photonic technologies in recent years. The initial 
pull of this technology is its compatibility with the ma- 
ture silicon IC manufacturing. Another motivation is the 
availability of high-quality silicon-on-insulator (SOI) planar 
waveguide circuits that offer strong optical confinement due 
to the high index contrast between silicon {n = 3.45) and 
Si02 {n = 1.45). This opens up miniaturization and large 
scale integration of photonic devices. Moreover, it has also 
been shown that silicon has excellent material properties 
like high third-order optical nonlinearities which, together 
with the high optical confinement in the SOI waveguides, 
enable functionalities hke ampHfication, modulation, lasing^ 
and wavelength conversion 1 29 . Various review paperq^ 
have been published highlighting recent breakthroughs and 
novel devices in this technology p7}j29| . 

The past 15 years have also seen significant increase 
of silicon photonics implementation in MWP systems. As 
highlighted earlier in this section, the progress showed in 
silicon photonics for MWP takes a slightly different direc- 
tion compared to applications like photonic interconnect or 
high speed data communications. In these latter fields, the 



^ See also Nature Photonics Technology Focus, vol. 4, issue 8, 
August 2010. 



Copyright line will be provided by the publisher 



LASER & PHOTONICS 
REVIEWS M 



D. Marpaung et al.: Integrated microwave photonics 



1 



(a) SlO; 




Ring Phase S hfifter 0.5-|im Narrow 
■V Waveguide 



Figure 5 (a) Silicon strip waveguide/nanowire (from |69|, cour- 
tesy of the OSA). (b) Rib waveguides (from |60|, courtesy of 
tine IVIacmillan Publisliers Ltd), (c) Etcliless SOI strip (from |72|, 
courtesy of the OSA). 



use of silicon photonics is focused on large scale monolithic 
integration combining passive waveguides, modulators, de- 
tectors and sometimes light sources. But silicon is not ideal 
for electro-optic modulators and detectors in 1550 nm op- 
erating wavelengths [29^. 61 J . Thus, from the perspective 
of system performance, silicon modulators, detectors and 
lasers cannot yet provide the stringent requirement of MWR 
For this reason, most of the advances in silicon photonics for 
MWP have been focused on passive reconfigurable devices 
and/or devices exploiting optical nonlinearities. 

The propagation loss in SOI waveguides has a large 
variation depending on the waveguide dimensions and pro- 
cessing conditions. There are two types of waveguides com- 
monly used in silicon photonics community: shallow ridge 
or rib waveguides with a width of 1-8 jim and silicon strip 
waveguides (or nanowires) with a dimension of approxi- 
mately 500 nm wide by 250 nm thick. The rib waveguides 
exhibit relatively low losses down to 0.1-0.5 dB/cm, but lim- 
ited in bending radius to hundred of micrometers | [62|j67l . 
Strip waveguides on the other hand exhibit much higher 
losses with the lowest reported cases are in the order of 
1-3 dB/cm |6^-7T| but they also allow ultra compact de- 
vices due to the tight minimum bending radius which is in 
the order of a few micrometers. Because of the high index 
contrast of the SOI waveguides surface roughness in due 
to imperfect etching will result in high scattering losses. 
But when an etchless process is used, the loss of SOI strip 
waveguides/nanowires could be as low as 0.3 dB/cm |72|. 
A typical cross sections of nanowires, rib waveguides and 
the etchless strip waveguide are depicted in Figure|5](a), (b) 
and (c), respectively. 

Most of the integrated MWP devices in SOI were demon- 
strated using the rib waveguides instead of the nanowires. 
This is expected since MWP systems have a strict require- 
ment regarding losses. In 1997 Yegnanarayanan et al. |( 73| 
demonstrated the first optical delay lines in SOI for true 
time-delay phased array antenna. They used eight-channel 
3 /im wide waveguides with an incremental time delay of 




Lower Waveguide 
Phase Shifter 



(b) 



Narrow Waveguide 
^3 0.5 Mm 





Figure 6 (a) Schematic of a single unit cell, red boxes indicate 
phase shifter electrodes, (b) Simulation showing the mode size 
in both the narrow (0.5 /im) and wide (3 /im) waveguides, (c) 
Schematic of a four-unit-cell filter (from |65], courtesy of the OSA). 

12.3 ps measured over 2-20-GHz frequency range. MWP 
filters have also been demonstrated in SOI waveguides. Ras- 
ras et al. |64,74| demonstrated bandpass and notch MWP 
filters based on Mach-Zehnder interferometer (MZI) tun- 
able couplers and ORRs fabricated in silicon-buried channel 
waveguides with a width of 2 {im and a propagation loss of 
0.25 dB/cm. Dong et al. |75 1 demonstrated a bandpass filter 
with narrow passband using 5th-order ORR fabricated in 
shallow-ridge waveguides with a width of 1 /im and height 
of 0.25 /im. The waveguide propagation loss is 0.5 dB/cm 
and the ring radius is 248 /im. The filter characteristic will 
be discussed in more details in Section lOl A similar wave- 
guide structure with wider width (2 /im) was used in the 
delay lines in a programmable unit cell filter for signal RF 
processing reported in ||76||77|. In another demonstration of 
MWP filter, two types of silicon rib waveguides, a narrow 
waveguide which is 0.5-/im wide and a wide waveguide 
which is 3-/im wide, were used in the lattice filter configu- 
ration shown in Figure [6] The narrow and wide waveguides 
are connected with a linear taper. The the narrow wave- 
guides were used to obtain smaller bending radius and for 
fast and efficient reconfiguration of the filter response while 
the wide waveguides were used for the low propagation 
loss (measured value 0.5 dB/cm). Other demonstration of 
integrated MWP in wide SOI rib waveguides include optical 
delay line s |66||67| which will be discussed in more details 
in Section [7] 

Integrated MWP with SOI stripe waveguides has been 
demonstrated for optical delay lines [78',79 |, arbitrary wave- 
form generatio n [,80^,81 J and ultrawideband (UWB) sig- 
nal generation | |82H84| . In | [79| SOI waveguides with di- 
mensions of 250 nm-by-500 nm were used for fabricating 
20 ORRs in a balanced side-coupled integrated spaced se- 
quence of resonators (SCISSOR) structure. As reported in 
[78 1, the waveguides exhibit a propagation loss of 4.5 dB/cm. 
In [ 80 , 81 1 an eight-channel reconfigurable optical filter con- 
sisting of cascaded microring resonators and tunable MZI 
couplers is fabricated in SOI waveguides with a dimension 
of 500 nm- x -250 nm. The rings have radius of 5 /im and 
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(0.045 ± 0.04 dBAm) 




Figure 7 Schematics (top row) and corresponding SEM images 
of realized structures (bottom row) of three typical single-mode 
channel layouts: a symmetrical, box-shaped layout with minimal 
modal birefringence (left column), and two asymmetrical layouts 
with large modal birefringence: the double-stripe (=-shaped, cen- 
ter column), and a single-stripe layout (right column). 



the propagation loss is 3.5 dB/cm. In [ |83| the optical non- 
linearity of SOI waveguides is exploited to generate UWB 
monocycles. The non- degenerate two-photon absorption 
(TPA) in a 4.046 cm long silicon waveguide with a 776- x- 
300 nm^ cross section is used to create a 143 ps Gaussian 
monocycle pulse. Details on the arbitrary waveform and 
UWB generation techniques are discussed in Section [8] 



4.4. TriPleX™ technology (Si3N4/Si02) 

Recently, many MWP functionalities like beamforming 
f85-90|, optical frequency discriminator ||9T][9g, UWB 
pulse shaping 1 92 1 and MWP filter |93'941 have been demon- 
strated in the TriPleX^M waveguide technology platfornj^ 
This waveguide technology is based on a combination of 
silicon nitride (Si3N4) as waveguide layer(s), filled by and 
encapsulated with by silica (Si02) as cladding layers. The 
consisting Si02 and Si3N4 layers are fabricated with CMOS- 
compatible industrial standard low-pressure chemical vapor 
deposition (LPCVD) equipment which enables low cost vol- 
ume production | 95|. TriPleX^M allows for extremely low 
loss integrated optical waveguides both on silicon and glass 
substrates for all wavelengths in between 405 nm (near UV) 
up to 2.35 /im, providing maximum flexibility from an inte- 
gration standpoint. Several significantly different waveguide 
geometries (Figure |7| can be obtained by varying individual 
steps in the generic fabrication process. The details on the 
fabrication steps for these waveguide structures are give 
inL96J. 

The three geometries shown in Figure |7] are called box- 
shape (left), double-stripe (= —shape, middle) and single- 
stripe (right), respectively. All modal characteristics are 
controlled and tuned by the design of the geometry. While 
the values of the parameters of these geometries are quite 



The TriPleXTM waveguide technology is a proprietary 
technology of LioniX BV, Enschede, the Netherlands. See: 
http://www.lionixbY.nl| 



1.53 1-54 1.55 1.56 1.57 1.58 
Wavelength (^m) 

Figure 8 Propagation loss vs. wavelength for a Si3N4-on-Si02 
(TriPleX™ single stripe) waveguide with a 40-nm-thick by 13-/im- 
wide core and bonded thermal oxide upper cladding, measured 
on a 1-m-long spiral waveguides (inset) (from [102], courtesy of 
the Macmillan Publishers Ltd). 

similar each type of waveguide typically has core dimen- 
sions in the order of 1 fim^ their corresponding wavelength 
dependence, modal characteristics, birefringence and there- 
fore desired application differ greatly. 

The single- stripe TriPleX^M structure (Figure [7] right) 
is well suited for (opto-fluidic) sensing applications. This 
layout goes with large modal birefringence, which is a pre- 
requisite for most integrated optical interferometric sensing 
schemes to prevent signal fading. The single- stripe layout 
is also compatible with microfluidics [96 J . But more im- 
portantly, this waveguide structure has been used to demon- 
strate ultra-low propagation loss [97} |1Q2| . The Si3N4 single 
stripe optical waveguide has a high aspect ratio Si3N4 core 
(see Figure [T] right) to minimize the scattering loss at the 
sidewall, which is the dominant loss mechanism | 98 |. With 
an optimized fabrication process, the Si3N4-on-Si02 optical 
waveguide shows a loss as low as 0.045 dB/m [101], which 
is presently a world record for planar waveguides. This 
value has been measured on a spiral waveguide with a core 
thickness of 40 nm and width of 13 /im and a bonded ther- 
mal oxide upper cladding. The measured propagation loss 
is depicted in Figure [8] Several typical photonic integrated 
devices like arrayed waveguide gratings (AWGs) 1 100] and 
ultra-high Q ring resonators |99 | have also been demon- 
strated. 

The box-shaped TriPleX^M (Figure [Vj left) layout is 
best exploited for telecom applications: due to its sym- 
metrical layout, the polarization birefringence is largely 
reduced 1 103 ]. For this geometry a library of standard opti- 
cal components with predictable characteristics is available, 
and currentlvhas been offered as multi project wafer (MPW) 
service runqj The box shape geometry has been applied 
for a variety of applications, for example in ranging from 
polarization independent, thermally tunable ring resonators 



^ The MPW service was initially offered as a part of a Dutch Na- 
tional project MEMPHIS. See:|http://www.smartmix-mempliis.nl| 
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Figure 9 (a) Propagation loss of the TriPleX double-stripe wave- 
guide structure versus different bend radii in the race track-shaped 
ORR. (b) Measured filter shapes of the single and double ring- 
assisted MZI (Inset: schematic of the filter architecture and mask 
layout design) (from [93 , courtesy of the OSA). 



acting as mirrors to create narrow spectral bandwidth lasers 
tunable over the entire telecom C-band |1Q4| |. For MWP 
applications, the box-shaped waveguide has been used to 
fabricate a programmable optical beamformer [ 86 87 9 94] 
and frequency discriminators for high SFDR phase modu- 
lated MWP link 1 91,92]. 

The beamformer reported in | [86p7| consists of 8 inputs, 
2 balanced outputs, 8 ORRs for tunable true time delays, 
more than 23 tunable couplers and an optical sideband fil- 
ter. The minimum bend-radius used in the chip is 700 jim 
and the waveguide propagation loss is 0.6 dB/cm. The de- 
tails of this beamformer will be discussed in Section 17.21 
The FM discriminator was fabricated using a higher index- 
contrast box-shaped waveguide. It consists of five fully tun- 
able race-track ORRs with a bend radius of 150 fim. The 
measured waveguide propagation loss in this chip amounts 
to 1.2 dB/cm, which is dominated by the sidewall roughness 
in the waveguide. The details of the FM discriminator is 
discussed in Section [5Jl 

The double-stripe (=-shaped) TriPleX^M layout Fig- 
ure [7] middle) is standardized especially for MWP appli- 
cations. This geometry goes with large polarization bire- 
fringence, tight bending radii and low channel attenuation 
levels at 1.55 /im. The propagation loss of such waveguides 



measured in a ring resonator as a function of the bending 
radius is depicted in Figure [9] (a). As shown in the result, the 
maximum waveguide propagation loss was measured to be 
0.12 dB/cm in the ORR with a bend radius of 50 /im, and an 
average waveguide propagation loss as low as 0.095 dB/cm 
was achieved for the bend radii larger than 70 fim | [93j . 

Using the double- stripe waveguides an MWP filtering 
function has been demonstrated |89, 93 1. Two types of op- 
tical sideband filters (OSBFs) for optical single- sideband 
suppressed carrier modulation (OSSB-SC) scheme have 
been fabricated and characterized. One filter consists of 
an asymmetric MZI with an ORR inserted in its shorter 
arm. The other is an upgraded version of the first one ob- 
tained by adding a second ORR to the longer arm of the 
asymmetric MZI. Both filters were designed with a full pro- 
grammability by using the thermo-optic tuning mechanism. 
For the design of both filters, a waveguide bend radius of 
125 fim was used, which results in footprints of 0.3 x 1.5 cm 
(MZI ORR) and 0.4 x 1.5 cm cm (MZI + 2 ORRs). The 
measured filter responses show high frequency selectivity 
as depicted in Figure [9] (b). 

All three standardized TriPleX^M geometries can be cou- 
pled very efficiently to the outside world through the use of 
integrated spot size converters. These components are used 
to adiabatically transform the profile of the optical mode 
between two sections having different modal characteristics, 
and are commercially available with typical coupling effi- 
ciency (or corresponding coupling loss) between individual 
components better than 80% (e.g. smaller than 1 dB). 

For advanced on-chip MWP functionalities, it is desir- 
able to have a photonic circuit that boasts transitions of 
different types of TriPleX^M waveguides according to the 
need. For example, one would simultaneously use the ultra- 
low loss single-stripe geometry for very long delay lines and 
the double stripe structure for sharp bends. This is similar 
to the approach of using "narrow" and "wide" waveguides 
in SOI technology as demonstrated in |[64l[65|. 



4.5. Other technology 

Besides the four platforms discussed above, integrated 
MWP has been demonstrated with a host of other ma- 
terials, like GaAs |105, 106], LiNbOs i ToTHmi , poly- 
mers I lT3||116| | and chalcogenide glasses | iTTf T23J. Due to 



the limited scope of this paper, some of these technologies 
will only be discussed briefly. Lithium niobate has been 
the material of choice for developing linear, high perfor- 
mance electro-optic modulators. For MWP, the material has 
been used in applications Hke beamforming | |107| , optoelec- 
tronic converters 1 108, 109, 1 12] as well as ultrawideband 
(UWB) signal generation [110, 111]. Optical waveguides 
based on polymer materials usually exhibit a low refractive 
index contrast as well as a low propagation loss. This is 
suitable for applications like long optical delay lines and 
beamforming |lT3'-lT6|, although the low index contrast 
often results in large chip footprint. Chalcogenide glasses 
have been used in ultrafast optical signal processing due to 
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Figure 10 Two types of phase-modulated (PIVI) IVIWP linl<s. (a) 
Direct detection (DD) with a frequency discriminator, (b) Coherent 
detection (CD) with an optical phase-locked loop (OPLL). 



their strong Kerr-nonlinearity P1 18|119| . For MWP, this plat- 
form has been used to demonstrate on-chip tunable optical 
delay lines 1 121 1 and MWP filters fT23l. 

A summary of integrated MWP demonstrations since 
1994 until mid-2012 is shown in Table[T] 



5. High dynamic range microwave photonic 
link 

With the development of new photonic technologies and 
components, new types of MWP links have been reported. 
As mentioned in Subsection |2.1[ these investigations were 
driven by the need for higher performance links. Theoretical 
investigations have shown that an ideal Class-B photonic 
link would feature an SFDR in excess of 180 dB-Hz for a rel- 
atively high photocurrent of 50 mA 1 141 1. In such an ideal 
Class-B photonic link, the input RF signal is half-wave rec- 
tified. Positive voltage is converted linearly to intensity and 
transmitted on one optical link. Negative voltage is trans- 
mitted as intensity over a second matched link. A balanced 
detector is used to subtract the two detected complemen- 
tary half-wave rectified signals and restore the original RF 
signal with zero DC bias fTSj . In such a link a significant 
reduction of the shot noise and RIN can be expected due 
to the absence of the DC bias optical power. However, the 
realization of such a link has been found difficult, especially 
with IMDD scheme, either using MZMs [ |142J or directly 
modulated lasers |143| . 

For this reason many have turned to phase or frequency 
modulation schemes to increase the MWP link performance 
and to eventually realize the ideal Class-B link. Phase modu- 
lation is highly attractive because it is intrinsically highly lin- 
ear (for example using conventional lithium niobate modu- 
lators) and its operation does not require biasing. Frequency 
modulation is identical to phase modulation but with a mod- 
ulation depth that is linearly dependent on the modulation 
frequency. Moreover, FM lasers have been demonstrated 
with high modulation efficiency, thereby promising a high 
link gain if implemented in MWP links | |144| . The main 



challenge in phase or frequency modulation is to restore 
the modulating microwave signals (i.e. demodulation) in a 
linear manner. Two options that have recently gained pop- 
ularities are the direct detection scheme using a frequency 
discriminator (Figure [T0| (a)) and coherent detection scheme 



using optical phase-locked loop (Figure 10 (b)). 



5. 1. Direct detection scheme witli frequency 
discriminator 

In this approach, a phase-modulated signal is converted to 
intensity modulation (PM-IM conversion) using an optical 
discriminator, thereby allowing a simple direct detection 
scheme. This approach is attractive for the additional degree 
of freedom in tailoring the characteristic of the optical filter 
discriminator to enhance the MWP link performance. The 
photonic discriminator can be designed for increasing the 
link linearity and/or suppressing the noise in the MWP link. 
Different filter types have been proposed as the photonic 
discriminator, with the simplest one being a Mach-Zehnder 
interferometer (MZI) |55, 145 ,146J . The linearized version 
of the MZI filter approach has shown a very large SFDR 
(above 125 dB • Hz^/^ at 5 GHz) but suffers a limited band- 
width. In another approach, Darcie et al. proposed the use 
of a phase modulator with a pair of fiber Bragg gratings as 
the frequency discriminators | [T5||147 148| . The FBGs were 
custom designed to realize a linear slope for the PM-IM 
conversion for realizing the Class-B photonic link. However 
these FBGs and the required optical circulators are bulky 
and thus, preventing a compact discriminator. An SFDR of 
1 10 dB • Hz^/^ has been shown with this approach. 

To realize compact frequency discriminators many turn 
to photonic integrated circuits. The idea to use integrated 
photonic filter was initially proposed by Xie et al. |149M150| 
in 2002. However the study did not lead to any device re- 
alization and experiment. In 2010 Marpaung et al. demon- 
strated the first PIC frequency discriminator for MWP link 
| [9T||134| . The chip consists of five fully-reconfigurable opti- 
cal ring resonators in add-drop configuration (Figure [TT] (a)). 
The chip was fabricated using the box-shape TriPleX^M 
waveguides (Figure [TT](b)). Programmability of the chip is 
done using thermo-optical tuning mechanism. The discrim- 
inator is used to show linear operation indicated by high 
IIP2 (46 dBm) and IIP3 (36 dBm) achieved at a single bias 
point (Figure 11 (e)). For shot noise limited performance, 
the predicted SFDR is 113 dB • Hz^/^ at 2 GHz. But high 
chip insertion loss prevents to achieve high SFDR due to 
the high amplified spontaneous emission (ASF) noise from 
EDFAs. Reducing the fiber-to-chip coupling and waveguide 
propagation losses will dramatically increase this SFDR. 

Subsequently, the discriminator chip consisting of cas- 
caded Mach-Zehnder interferometers (MZIs) has recently 
been demonstrated |56j57 151| |. The phase discriminator 
is a 6* order finite impulse response (FIR) lattice filter Fig- 
ure[TT](c)) fabricated in a silica-on-silicon, planar lightwave 
circuit (PLC) process by Alcatel-Lucent Bell Labs (Fig- 
ure [TT](d)). It has 6 stages of symmetrical MZIs (switches) 
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Table 1 Reported results in integrated IVIWP. 



Year 


Functionality 


Key component 


PIC Technology 


Loss 
(dB/cm) 


Bend radius 
(Mm) 


1994 


Beamforming 


Rib waveguides 


GaAlAs/GaAs 


1 


3000 


1995 


Beamforming 


Switched delay 


Silica 


0.1 


2000 


1995 


Beamforming 


Phase shifter 


LiNbOs 


0.3 




1997 


FM Discrim. 


MZI filter 


Silica 






1997 


Delay 


Rib waveguide 


SOI 




5000 


1999 


Beamforming 


Phase shifter 


InP 


1.4 


250 


2000 


Delay 


Channel waveguide 


Polymer 


0.02 




2003 


Beamforming 


Switched delay 


Silica 




10000 


2005 


Delay 


Switched delay, ORR 


Silica 


0.07 


1000 


2005/07 


Delay, beamforming 


Switched delay 


Polymer 


0.64 


1750 


2005 


Delay lines 


Photonic crystal 


SOI 


64 




2007 


Beamforming 


ORR, MZI 


TriPleX 


0.55 


700 


2007/09 


MWP filter 


ORR, MZI 


SOI 


0.25 


7 


2008 


Coherent receiver 


PM, BPD 


InP 






2008 


Delay 


ORR 


SiON 


0.35 


570 


2008/09 


Differentiator, UWB 


ORR 


SOI 




40 


2009/10 


UWB 


PPLN waveguide 


LiNbOs 






2009 


RF phase shifter 


ORR 


SOI 




20 


2009 


RF spectrum analyzer 


NL waveguide 


Chalcogenide 


0.5 


3000 


2010 


Integrator 


ORR 


Silica 


0.06 


47.5 


2010 


Delay 


ORR 


SOI 


4.5 


7 


2010 


Arb. waveform gen. 


Add-drop ORR 


SOI 


3.5 


5 


2010 


MWP filter 


MZI, delay 


SOI 


0.9 




2010 


MWP filter 


ORR 


SOI 


0.5 


248 


2010 


Beamforming 


AWG, delay fine 


Polymer 


0.06 




2010 


Delay 


Photonic crystal 


GaAs 






2010 


MWP filter 


ORR, SOA 


Hybrid silicon 






2010/11 


MWP filter 


ORR, SOA 


InP 


1 




2010/11 


FM discrim., UWB 


Add-drop ORR 


TriPleX 


1.2 


150 


2010/11 


Beamforming, SCT 


ORR 


TriPleX 


0.6 


700 


2011 


OSSB filter 


RAMZI 


TriPleX 


0.1 


70 


2011 


FM discrim. 


MZI, RAMZI 


Silica 


0.045 




2011 


OPLL coh. receiver 


PM, BPD 


InP 


10 




2011 


OPLL coh. receiver 


PM, BPD 


InP 






2011 


Delay 


Bragg grating 


SOI 


0.5 


_ 


2011 


MWP filter 


MZI, ORR 


SOI 


0.5 


300 


2011 


MWP filter 


ORR 


TriPleX 


0.029 


2000 


2011 


MWP filter 


MZI, ORR 


SOI 


0.7 


20 


2011 


Arb. waveform gen. 


MZI 


Silica 


0.7 


2000 


2011 


UWB 


ORR 


SOI 




10 


2012 


Delay 


ORR 


SOI 




7 


2012 


Delay, MWP filter 


SBS in waveguide 


Chalcogenide 


0.3 




2012 


MWP filter 


Microdisk 


III-V/SOI 




4.5 


2012 


UWB 


NL waveguide 


SOI 






2012 


Photonic ADC 


Modulator, mux, PD 


SOI 






2012 


FM Discrim. 


RAMZI 


InP 




150 


2012 


UWB 


ORR 


SOI 


5 


20 



author [Ref] 
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Figure 11 Two types of frequency 
discriminator chips recently reported, 
the ORR-based in TriPleX technol- 
ogy (a, b, e) and the cascaded MZIs- 
based in Silica (c, d, f). (a) and (c) 
schematic of the devices, (b) and 

(d) fabricated and packaged devices, 

(e) and (f) characterization results of 
the fundamental RF signals and the 
IMDs. (a, b, e) are taken from [134] , 
courtesy of the OSA, (c, d, f) are 
taken from (57], courtesy of the Uni- 
versity of California Berkeley. 



and asymmetrical MZIs (delay line interferometers) with 
an FSR of 120 GHz. The discriminator is tunable using 
chromium heaters deposited on the waveguides and is dy- 
namically tuned to minimize the link distortion. At the op- 
timal wavelength, the RF power input (two tones around 
2 GHz) into the link is varied the IMDS and fundamental 



powers are measured. The data is shown in Figure 1 1 (f). For 
a photocurrent of 0.1 1 mA, the measured 0IP3 is -19.5 dBm 
which is a 6.7 dB 0IP3 performance improvement over an 
MZI with the same received photocurrent. For shot-noise 
limited noise performance, the link SFDR is 1 12 dB • 
If the photocurrent can be increased to 10 mA, OIP3 in- 
creases to 19.7 dBm and the shot-noise limited SFDR is 
125 dB Hz^/l 

Research activities in realizing the on-chip FM discrim- 
inators are expected to increase significantly. Recently a 
device which includes a tunable optical filter acting as a 
frequency discriminator and a high speed balanced photode- 
tector integrated in the same chip has been proposed by 
researchers at the UPV Valencia, Spain 1 140 |. The filter has 
a cascade of two integrated ring-loaded Mach-Zehnder inter- 
ferometers (RAMZIs) in each of the two branches. The filter 
is fabricated in InP technology. Deeply-etched (1.7 /im) rib 
waveguides with InGaAsP core are used to enable sharp 
bends (150 /im) and minimizing chip are to 6 x 6 mm^. The 
performance of the MWP link using this chip has not yet 
been reported. 



5.2. Coherent detection with integrated optical 
phase locked loop 



The second approach to achieve linear phase demodulation 
is to use a coherent optical link and to detect the optical 
PM using an optical phase locked loop (OPLL) | [46}j48l 
|127| . This alternative is complex, but offers potentially high 
performance. The challenge of this approach is to realize 
a phase tracking receiver that can follow the linear phase 
modulation applied at the transmitter to ultimately realize a 
linear transmission. As shown in Figure 10 (b), the phase of 
the received signal is detected using a balanced detector by 
comparison with that of a local oscillator (LO) laser. The 
output signal is then reapplied to a receiver PM to modulate 
the LO phase and drive the loop such that the voltage driving 
the receiver PM is a replica of the transmitted signal. While 
attractive and simple in theory, this is difficult to achieve 
in practice, particularly at multi-GHz rates encountered in 
microwave photonics. Loop gain must be high to improve 
linearity over simpler approaches. This can be accomplished 
using either high optical power at the receiver or through 
electronic amplification. To ensure the loop stability a low 
pass filter (LPF) must be used. In practice, the loop delay 
must be a small fraction (e.g. 1/5) of the maximum RF 
frequency. This not only calls for monolithic integration 
of both the electronics and photonics, it also demands the 
elimination of any unwanted signal paths between the two. 
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In |127| , an InP photonic integration platform was fabri- 
cated consisting of a balanced uni-traveling carrier (UTC) 
photodetector pair [13], a 2 x 2 waveguide multimode in- 
terference (MMI) coupler and tracking phase modulators 
in a balanced configuration. The schematic and the SEM 
image of the realized device is shown in Figure [12] (a). The 
tracking optical phase modulators are driven differentially 
so as to add opposite- sign phase shifts to the incoming 
signal and LO resulting in a cancellation of even-order non- 
linearities and common-mode noise. Additionally, driving 
the modulators in a differential fashion doubles the drive 
voltage presented to the modulator thereby doubling the 
available phase swing. The photonic integrated circuit (PIC) 
was wirebonded to the electronic integrated circuit (EIC) 
used to provide feedback gain and filtering. Using this de- 
vice a 3-dB loop bandwidth of 1.45 GHz was demonstrated, 
and SFDR of 125 dB • Hz^/^ at 300 MHz and 1 13 dB • Hz^/^ 
at 1 GHz were achieved. The reduced SFDR at 1 GHz is 
due to the large loop delay 35 ps) of this receiver with a 
substantial portion coming from the wirebonds. 




(e) 



Pusli-puU balanced ACPpliase modulator pair 



3dB Balanced 
coupler UTC-PD 

|**f).2Tnm O 
0.2l7inm' f2 
r 
o 




" Feedback trace ^ 

Figure 12 OPLL realizations in InP for coherent detection MWP 
link, (a) SEM and block diagram of integrated optoelectronic re- 
ceiver reported in [127] , courtesy of the IEEE. Layout of the PIC 
and (c) flip-chip bonded PIC and EIC reported in |48|, courtesy of 
Wiley. Photograph (d) and layout (e) of the ACP-OPLL reported 
in (46], (d) courtesy of the SPIE, (e) courtesy of the IEEE. 



(FTIR) trench coupler. Moreover, smaller delay can be ob- 
tained by compact integration of the PIC and EIC via flip- 
chip bonding (48]. The fully fabricated PIC is shown in Fig- 
ure [T2kb). The flip-chip bonded PIC and EIC are shown in 
Figure|l2|(c). Using this device an SFDR of 122 dB • Hz^/^ 
at 300 MHz has been achieved. 

A different approach to control such a short loop 
propagation delay has been proposed by Li et al. |152|. 
The configuration consists of the so-called attenuation- 
counterpropagating (ACP) in-loop phase modulator where 
the optical and microwave fields propagate in the opposite 
direction and the microwave field is strongly attenuated. 
This unique configuration eliminates the propagation delay 
of the in-loop phase modulator at the expense of a tolerable 
decrease in bandwidth. The proof of concept of this ACP- 
OPLL was experimentally demonstrated using an MZ-like 
structure fabricated in LiNbOs butt-coupled to a bulk UTC 
BPD. A standard two-tone test was performed to probe the 
linearity of the device and the SFDR was measured to be 
134 dB • Hz^/^ at the frequency of 100 MHz. In an attempt 
to extend the high SFDR to a higher frequency, a mono- 
lithically integrated ACP-OPLL consisting of the phase 
modulators and the UTC BPD was fabricated InP-based 
material platform [46 ,47] . The photograph and the layout of 
the realized device are shown in Figure 12 (d-e). The OPLL 
was designed to reach the 0IP3 > 40 dBm and the SFDR of 
140 dB • Hz^/^ at a bandwidth beyond 2.7 GHz pil. how- 
ever, due to a faulty BPD, the loop showed a small band- 
width (< 200 MHz) and relatively low 0IP3 (13 dBm). Thus 
the SFDR was limited to 124.5 dB • Hz^/^ at 150 MHz. The 
predicted shot-noise limited SFDR is 130.1 dB • Hz^/^ at 
150 MHz. 

A quick comparison of the two detection schemes lead 
to a conclusion that the frequency discriminator approach 
have shown better performance at higher frequencies. The 
operating frequency actually is not a limiting factor for these 
discriminators, since it is bounded by the filters FSR which 
can be relatively large. The OPLL approach with PIC is 
very promising for very large SFDR, up to 140 dB • Hz^/^, 
but in the current implementation is currently limited to low 
frequencies. 

Following the growth of optical in-phase/quadrature 
(I/Q) receivers for digital applications, there is a novel type 
of phase modulated link architecture that uses coherent 
I/Q detection followed by signal digitization and digital 
signal processing (DSP) | [T53[[T54| . An SFDR as high as 
126.8 dB • Hz^/^ at the frequency of 1 GHz has been demon- 
strated using this technique fT54\. Although currently the 
receiver architecture has been demonstrated using discrete 
components, the link is expected to benefit hugely from the 
merging of electronic and photonic integration to create a 
high performance receiver circuit. 



To reduce the loop delay, the same group proposed a 
novel ultra compact coherent receiver PIC containing two 
push-pull phase modulators, a balanced UTC photodetec- 
tor pair and an ultrashort frustrated total internal reflection 



6. Microwave photonic filters 



A microwave photonic filter 1 155 - 157| , is a photonic sub- 
system designed with the aim of carrying equivalent tasks 
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to those of an ordinary microwave filter within a radio fre- 
quency (RF) system or link, bringing supplementary advan- 
tages inherent to photonics such as low loss, high bandwidth, 
immunity to electromagnetic interference (EMI), and also 
providing features which are very difficult or even impos- 
sible to achieve with traditional technologies, such as fast 
tunability, and reconfigurability. The term microwave is 
freely used throughout the literature to designate either RF, 



microwave, or millimeter- wave signals. Figure 13 shows a 
generic reference layout of an MWP filter. 




Optical 
Source 
(laser) j 



Figure 13 Generic reference model of a IVIicrowave Photonic 
filter. 
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Figure 14 General schematics of a discrete-time FIR MWP. (a) 
Traditional approach based on a single optical source in combina- 
tion with multiple delay lines, (b) A more compact approach based 
on a multi-wavelength optical source combined with a single dis- 
persive element. 



optical signal [157]. For instance and taking as an example 
a FIR configuration, the electronic transfer function is given 
by: 



An input RF signal (with spectrum sideband centered at 
frequency ±/rf, shown in point 1) coming from a generator 
or detected by means of a single or an array of antennas 
is used to modulate the output of an optical source which 
upconverts its spectrum to the optical region of the spec- 
trum (point 2), such that the sidebands are now centered 
at V ± /rf , where v represents the central frequency of 
the optical source. The combined optical signal is then pro- 
cessed by an optical system composed of several photonic 
devices and characterized by an optical field transfer func- 
tion H{v). The mission of the optical system is to modify 
the spectral characteristics of the sidebands so at its outputs 
they are modified according to a specified requirement as 
shown in point 3. Finally, an optical detector is employed 
to downconvert the processed sidebands again to the RF 
part of the spectrum by suitable beating with the optical 
carrier so the recovered RF signal, now processed (as shown 
in point 4) is ready to be sent to a RF receiver or to be 
re-radiated. The overall performance of the filter is charac- 
terized by an end-to-end electrical transfer function H (/rf) 
which is shown in Figure [13] and links the input and output 
RF signals. The most powerful and versatile approach for 
the implementation of MWP filters is that based on discrete- 
time signal processing 1 156 | where a number of weighted 
and delayed samples of the RF signal are produced in the 
optical domain and combined upon detection. In particular, 
finite impulse response (FIR) [ISlj filters combine at their 
output a finite set of delayed and weighted replicas or taps 
of the input optical signal while infinite impulse response 
(IRR) are based on recirculating cavities to provide an infi- 
nite number of weighted and delayed replicas of the input 



N-l 



^(/rf)= 

^=0 



(15) 



where ak = \ak\ e~^^^ represents the weight of the ^-th sam- 
ple, and T the time delay between consecutive samples. 
Note that Eq. ( p3] ) implies that the filter is periodic in the 
frequency domain. The period, known as free spectral range 
(FSR) is given by /fsr = l/T . The usual implementation of 
this concept in the context of microwave photonics can fol- 
low two approaches as shown in Figure [14] In the first one 



(Figure 14 1), the delays between consecutive samples are 
obtained, for instance, by means of a set of optical fibers or 
waveguides where the length of the fiber/waveguide in the k- 
th tap is c (^ — 1) r/^, being c and n the light velocity in the 
vacuum and the refractive index respectively. This simple 
scheme does not allow tuning, as this would require chang- 
ing the value of T . An alternative approach (Figure [T4] 3) 
is based on the combination of a dispersive delay line and 
different optical carriers where the value of the basic delay 
T is changed by tuning the wavelength separation among 
the carriers, thereby allowing tunability [ 156|. While in the 
first case the weight of the ^-th tap, represented by , can 
be changed by inserting loss/gain devices in the fiber coils, 
with the second approach Uk is readily adjusted by changing 
the optical power emitted by the optical sources |156| . 

Finally, MWP filters can operate under incoherent 
regime, where sample coefficients in Eq. ( [T5] ) correspond to 
optical intensities and are thus positive or under coherent 
regime where the taps in Eq. ( [T5] ) can be complex- valued in 
general. In the first case the basic delay T is much greater 
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Figure 15 Illustration of the requirements on sample parameters 
to achieve MWP filter tunability, reconfigurability, selectivity. 

than the coherence time of the optical source that feeds 
the filter while in the second is much smaller. 



an^e Unit Cfell || | | | | g 




(a) (b) (c) 

Figure 16 Integrated InP-lnGaAsP first-order MWP coherent 
filter providing one pole and one zero reported in |43l. (Upper) 
schematic of a unit cell configuration and SEM images of the 
contacts and waveguides. (Lower) measured transfer functions 
for one pole (left), one zero (center) and one pole-one zero (right) 
configurations (courtesy of the IEEE). 



6. 1. Requirements of microwave photonic filters 

MWP filter flexibility in terms of tunability, reconfigurabil- 
ity and selectivity is achieved by acting over the different 
parameters characterizing the samples in Eq. ([15]) with a 
variety of techniques having been reported in the litera- 
ture |158LfT61 1. The effect of the relevant parameters in 
Eq. ( p3] ) on the filter response is illustrated in Figure 15 



The number of samples N dictates whether the filter 
is either a notch (A/^ = 2), or a bandpass {N > 2) type. As 
mentioned above, T fixes the spectral period, thus changing 
T results in compressing or stretching the spectral response. 
This is a technique usually employed in the literature for 
tuning the notch or bandpass-positions of a MWP filter. Fast 
tuning can be achieved by changing the wavelength separa- 
tion between adjacent carriers in the scheme of Figure [T4j) 
with a current record value in the range of 40 ns |161| . The 
phase of the tap coefficients allow the tuning of the spectral 
response without actually stretching or compressing it. The 
implementation of phase values depends on the approach 
followed for its implementation. For incoherent MWP fil- 
ters, a photonic RF-phase shifter is required which can be 
implemented in a variety of technologies, including, stimu- 
lated Brillouin scattering, coherent population oscillations 
in SOA devices and passive configurations based on ring 
cavities and resonators. All of the above can provide the 
required phase-shift dynamic range, but only the last two 
are prone for integration and can provide switching speed 
below one microsecond. For coherent filters, the phase shifts 
are optically provided by photonic components. The law 
followed by the tap coefficient moduli dictates the filter 
shape (reconfiguration). Filters featuring different window- 
ing functions, both static and dynamically reconfigurable 



^ The coherence time is defined as the measure of temporal 
coherence of a light source, expressed as the time over which the 
field correlation decays 



structures have been reported in the literature where tap am- 
plitude setting has been achieved using different techniques, 
including spatial light modulators, SOAs, and also by fixing 
the output power of laser modes. Finally, the filter selectiv- 
ity is dictated by the number of samples which determine 
the quality factor and the main to secondary sidelobe (SSL) 
rejection ratio. FIR schemes using multiwavelength sources 
can provide from 40 to over 60 samples with the current 
record featuring a SSL value of 61 dB. 



6.2. Cotierent filters 

As far as integrated MWP coherent filtering is concerned, 
several groups have reported results [42 -45 , 64 , 65 , 74 , 75] 
77l|133|p35l|136[|162| . Many of the preliminary approaches 
have been based mainly on single cavity ring resonators. A 
few however have also focused on more elaborated designs 
involving more than one cavity and programmable features. 
These filters can be useful particularly when the RF informa- 
tion has already been modulated onto the lightwave carrier 
and it might be advisable to perform some prefiltering in the 
optical domain prior to the receiver. Representative results 
from one cavity filters can be found in ||42||43|[T33j . For 
instance, (43] reports the results for a unit cell, shown in 
the upper of Figure 16^ that could be an element of more 
complex lattice filters. 

This unit cell, integrated in InP-InGaAsP is composed of 
two forward paths and contains one ring. By selectively bi- 
asing one semiconductor optical amplifier (SOA) and phase 
modulators placed in the arms of the unit cell, filters with 
a single pole, a single zero or a combination of both can 
be programmed as shown in the lower part of Figure [16] In 
particular and for the design reported in | [43| the frequency 
tuning range spans around 100 GHz. A hybrid version in- 
corporating silicon waveguides has also been reported [ 133| 
that combines III-V quantum well layers bonded with low 
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Figure 17 Integrated two (upper) and five (middle) cavity Silicon 
MWP coherent filters. Details of measured passbands (lower) for 
the two (left) and five (right) cavity structures as reported in |77| 
(courtesy of the OSA). 




(b) 1 













f9.5 19.6 19.7 19.8 19.9 20 20.1 20.2 20.3 20.4 20.5 
Frequency (GHz) 



Figure 18 Tunable incoherent MWP filter based on multiple phase 
shifters implemented by periodic resonances of an integrated 
SOI ring resonator. (Upper left) filter configuration. (Upper right) 
amplitude and phase response of the SOI ring resonator. (Lower 
left) spectral locations of the four optical carriers and subcarriers 
to achieve respectively and 90° phase shifts. (Lower right) Filter 
transfer functions corresponding to the two cases (0 and 90° 
phase shifts) showing tunability. 



loss passive silicon waveguides. Low loss waveguides allow 
for long loop delays while III-V quantum devices provide 
active tuning capability. The same group involved in | |45| is 
now reporting results of more complex designs involving 
second and third order filters as well as other different unit 
cell configurations |44|. A more complex design, this time 
in Silicon, has been also recently presented U^JJj where 
1-2 GHz-bandwidth filters with very high extinction ratios 
( 50 dB) have been demonstrated. The silicon waveguides 
employed to construct these filters have propagation losses 
of 0.5 dB/cm. Each ring of a filter is thermally controlled by 
metal heaters situated on the top of the ring. With a power 
dissipation of 72 mW, the ring resonance can be tuned by 
one free spectral range, resulting in wavelength-tunable opti- 
cal filters. Both second-order and fifth-order ring resonators 
have been demonstrated, which can find ready application 
in microwave/radio frequency signal processing. The upper 
part of Figure 17 shows the filter layouts while their spectral 
response can be found in the lower part of the same figure. 



6.3. Incoherent filters 

Work in integrated MWP incoherent filters as been reported 
as well by various groups |163 - 167| . Initially research ef- 
forts focused on the use of integrated array waveguide grat- 
ing (AWG) devices 1 163 1 to perform a variety of functions, 
including spectral slicing to provide low-cost multiple input 
optical carriers fl641 or selective true time delays 1 165|. 
More recent efforts have focused towards the implementa- 
tion of complex- valued sample filters by means of exploiting 
several techniques to integrate MWP phase shifters. For in- 
stance in |166| a two-tap tunable notch filter configuration is 



proposed where phase shifting by means of coherent popula- 
tion oscillations in SOA devices followed by optical filtering. 
In another approach | |167| , the periodic spectrum of a in- 
tegrated SOI ring resonator is employed as a multicarrier 
tunable and independent phase shifter. The configuration for 



a 4-tap filter is shown in Figure [18 

Here the basic differential delay between samples is 
implemented in the first stage while an independent phase 
coefficient for each tap is selected in the ring resonator 
by fine tuning of the wavelength of each carrier. A simi- 
lar configuration based on a hybrid InP-SOI tunable phase 
shifter has also been recently reported [ |137| |. In this case 
tuning is achieved not by changing the source wavelength 
but by carrier injection into the III-V microdisk. A more 
versatile configuration which can provide both phase and 
optical delay line tuning has been recently reported | 94 1 . It 
consists of a reconfigurable optical delay line (ODL) with 
a separate carrier tuning (SCT) |168| unit and an optical 
sideband filter on a single CMOS compatible photonic chip. 
The processing functionalities are carried out with optical 
ring resonators as building blocks demonstrating reconfig- 
urable microwave photonic filter operation in a bandwidth 
over 1 GHz. Most of the incoherent MWP filters reported 
so far require a dispersive delay line which is usually imple- 
mented by either a dispersive fiber link or a linearly chirped 
fiber Bragg grating which being bulky devices, prevent a 
complete integration of the filter on a chip. The ultimate and 
most challenging limitation towards the full implementation 
of integrated microwave photonic signal processors is there- 
fore the availability of a dispersive delay line with a footprint 
compatible with the chip size providing at the same time the 
group delay variation required by high-frequency RF appli- 
cations. A challenging and attractive approach is that based 
on a photonic crystal (PhC) waveguide which, if suitably 
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designed, can fulfill the above requirements introducing 
moderate losses. Researchers have recently demonstrated 
for the first time both notch and bandpass microwave filters 
based on such component. Tuning over - 50 GHz spectral 
range is demonstrated by adjusting the optical delay. The 
underlying technological achievement is a low-loss 1.5 mm 
long photonic crystal waveguide capable of generating a 
controllable delay up to 170 ps still with limited signal at- 
tenuation and degradation. Owing to its very small footprint, 
more complex and elaborate filter functions are potentially 
feasible with this technology. 



7. Optical delay line and beamforming 

Delaying and phase shifting RF signals are the basic func- 
tionalities for more complicated signal processing function- 
alities. In this section we review the integrated MWP tech- 
niques that have been proposed for tunable optical delay, 
phase shifting and beamforming. 



7. 1. Time delay and phase shifter 

Reconfigurable optical delay lines (ODL) and wideband 
tunable phase shifters have primary importance in a number 
of MWP signal processing applications like optical beam- 
forming and MWP filter. The simplest way for generating 
delay in the optical domain is through physical length of 
optical fibers. However, this can become rather bulky. For 
this reason, integrated photonic solutions are used. A num- 
ber of approach have been reported over the years. For 
example, optical switches can be used to provide discretely 
tunable delay by means of selecting waveguides with dif- 
ferent propagation length. This approach has been demon- 
strated using devices in silica | 54 | and in polymer |114|. 
Others proposed tunable delay based on optical filters 1 169|. 
For example cascaded ORRs have been demonstrated for 
tunable delays in silica p4| , TriPleX |[85|, silicon oxyni- 
tride (SiON) 1 128], and SOI |[78]|79). Others used integrated 
Bragg-gratings in SOI that can be either electrically [66J or 
thermally tuned | [67| . 

Besides delay, phase shifting is also attractive for a num- 
ber of signal processing applications. For narrowband phase 
shift, SOI ring resonators have been used as widely tunable 
RF phase shifters [ |131 167||. O thers used semiconductor 
waveguides in SO As 1 170 17 1) , or a microdisk in hybrid 
III-V/SOI platform 1137^ 

To have a complete signal processing capabilities, it 
is attractive to obtain both delay and phase shift at differ- 
ent signal frequency components. This is widely known 
as the separate carrier tuning (SCT) scheme, proposed by 
Morton and Khurgin |168|. Chin et al. demonstrated this 
functionality in optical fiber using the stimulated Brillouin 
scattering (SBS) effect 1 172|. Burla et al. |94| demonstrated 
the SCT scheme together with optical single sideband filter- 
ing monolithically integrated in a single chip. The processor 
consists of a reconfigurable optical delay line, a separate 
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Figure 19 A signal processor based on separate carrier tuning 
sclieme consisting of (a) an optical sideband filter (OSBF), (b) 
optical delay lines (ODL), and (c) carrier phase tuner (SCT). (d-f) 
denote the measured responses of the OSBF, ODL and SCT, 
respectively (from [94 , courtesy of the OSA). 

carrier tuning unit and an optical sideband filter. The opti- 
cal sideband filter, a Mach-Zehnder interferometer loaded 
with an optical ring resonator in one of its arms, removes 
one of the radio frequency sidebands of a double- sideband 
intensity-modulated optical carrier. The ODL and separate 
carrier tuning unit are individually implemented using a pair 
of cascaded optical ring resonators. Varying the group delay 
of the signal sideband by tuning the resonance frequencies 
and the coupling factor of the optical ring resonators in 
ODL, while also applying a full — 271 carrier phase shift 
in separate carrier tuning, allowed the demonstration of a 
two-tap microwave photonic filter whose notch position can 
be shifted by 3 60° over a bandwidth of 1 GHz. The principle 
of this SCT scheme is depicted in Figure [19 



7.2. Optical beamforming 

In a phased-array antenna, the beam is formed by adjust- 
ing the phase relationship between a number of radiating 
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elements |2|. For wideband signals, a particular problem 
arise for phased arrays: if a constant phase shift is produced 
from element to element, the beam pointing is different for 
different frequency components-a phenomenon called beam 
squinting 1 173 , 174|. It turns out that this squint can be com- 
pensated for by using (variable) delay lines rather than phase 
shifters. The use of optical techniques to generate true time 
delay for phased array applications has been the subject of 
extensive research over the past two decades. A compilation 
of these techniques can be found in IJj-^. One of the most 
well-known concept is the fiber optic prism where the dis- 
persion property of the fiber-optic link was used to create 
variable delays for variable source wavelengths 1 175|. As 
the laser wavelength is tuned, the differential delay between 
fiber paths changes, thus steering the antenna beam. The 
concept was later on revisited and demonstrated by Zmuda 
et al. in 1997 using fiber Bragg-gratings |176| . 

Beamformers based on fibers can be rather bulky. To 
reduce the footprint of the beamformer, as well as to obtain 
precise time delay, many turn to integrated photonic solu- 
tions 1 4 1 , 5 1-53 , 78 , 79 , 85 , 87 , 90 , 105 , 1 1 5 ,124,177] . In gen- 
eral three categories of integrated photonic beamformer have 
been demonstrated over the years: wideband beamformer 
based on discretely tunable TTD |51 , 52, 105 , 1 15 , 124, 177], 
wideband beamformer based on continuously tunable TTD 
|[78j|79|[85j[87l|9g and narrowband beamformer based on 
optical phase shifters |[4T|[53| p^p78l . 

As early as 1992, Ackerman et al. fl77] proposed an 
integrated optical switches in LiNbOs to form a 6-bit TTD 
unit for 2-6 GHz radar application. However, in this ap- 
proach the delays were induced by optical fibers. A mono- 
lithic integrated beamformer was proposed by Ng et al. 
| |105 , 124] using a PIC in GaAs. This approach used curved 
GaAlAs/GaAs rib-waveguides with propagation losses of 
1 dB/cm integrated monolithically with GaAs based detec- 
tor switches to form 4 (2-bit) switched delay lines. The 
switched delay lines approach was also demonstrated in sil- 
ica PLC by Horikawa et al. | [5T][52| . Two architectures were 
proposed, a cascaded and a parallel switches configurations. 
The switching is done using a 2 x 2 thermo-optic switches 
and the loss in the delay lines was 0.1 dB/cm. Finally, poly- 
mer materials have been considered for the switched-delay 
beamformer. In |115| the realization of a packaged 4-bit 



TTD device composed of monolithically integrated polymer 
waveguide delay lines and five 2x2 polymer total internal 
reflection (TIR) thermo optic switches was reported. The 
polymer waveguides exhibited a single-mode behavior with 
a measured propagation loss of 0.45 dB/cm at the wave- 
length of 1.55 /im. The delay lines used waveguides with 
bend radius of 1.75 mm. The dimension of the TTD device 
is 21.7-mm long by 13.7-mm wide. Beamforming at the 
X-band frequency range (8-12 GHz) was demonstrated. 

Narrowband beamforming can be achieved using optical 
phase shifters instead of TTDs. Using a coherent detection 
scheme phase and amplitude of an optical signal can be 
directly transferred to a microwave signal by mixing this 
signal with an optical local oscillator signal. In this way, 
modulation of phase of a microwave signal can be performed 
using optical phase shifters. Initial works in this category 



include the self heterodyning beamformer based on LiNbOs 
proposed by Horikawa et al. in 1995 [lOlj . InP-based PIC 
has also been considered ||4TJ. This beamformer controls 
the amplitude and phase of the RF signals using phase mod- 
ulators and variable attenuators. Although the beamformer 
is narrowband, it featured an ultra compact footprint of 
8.5 X 8 mm^ for a 16 x 1 beamformer. A similar concept of 
narrowband beamforming was also implemented in silica 
PLC where thermo-optic effect is used to achieve the desired 
phase shifting | 53 ]. Amplitude control was performed using 
PLC type MZIs with two 3 dB multimode interferometer 
(MMI) couplers (50:50 ratio) and independent thermo-optic 
phase shifters on both waveguide arms. The chip size of 
the realized eight-channel OBFN is about 4 mmx65 mm. 
Beamforming at 60 GHz was demonstrated 1 178]. 

For practical applications like satellite communica- 
tions, a wideband continuously tunable beamformer is 
required. Such beamformer based on cascaded tunable 
ORRs was proposed by the researchers in the University 
of Twente r85"-W,"88^,^[89l|90l. In |[8g, a state-of-the- 
art ring resonator-based 1x8 beamformer chip has been 
proposed. A binary tree topology is used for the network 
such that a different number of ORRs is cascaded for de- 
lay generation at each output. The beamformer was fabri- 
cated in TriPleX^M waveguide technology. With this beam- 
former, a linearly increasing delay up to 1.2 ns in a 2.5 GHz 
bandwidth was demonstrated. In |[86j[87j, the suitability 
of the beamformer for satellite communications was inves- 
tigated. The intended application was communications at 
the Ku-band frequency range (10-12.5 GHz). A coherent 
beamforming architecture using optical single sideband- 
suppressed carrier (OSSB-SC) modulation and balanced 
coherent detection was proposed and the performance was 
analyzed |86|. The OSSB-SC signal was generated using a 
sideband filter integrated on the same chip. A 1 x 8 beam- 
former with 8 ORRs was fabricated using the box-shape 
TriPleX^M waveguides with a propagation loss of 0.6 dB/cm 
| [87| . The ORRs have a minimum bending radius of 700 /im. 
The total chip footprint measured 66.0 mmx 12.8 mm. 

In 1 90 1, a 16 X 1 beamformer with a high degree of com- 
plexity was reported for phased-array antenna in radio as- 
tronomy application. The beamformer consists of 20 ORRs, 
more than 25 MZI tunable couplers and an OSBF. The chip 
was also fabricated in the box- shape TriPleX^M waveguides 
that exhibit propagation loss of 0.2 dB/cm. The chip foot- 
print is 70.0 mmx 13 mm. The schematic of the chip show- 
ing the optical waveguides layout the heaters for thermo- 
optical tuning and the realized chip (packaged) are shown 
in Figures [2Q| (a) and (b). The work was focused on the sys- 
tem integration and the experimental demonstration of the 
beamformer with the phased array antenna. The measure- 
ments show a wideband, continuous beamsteering operation 
over a steering angle of 23.5 degrees and an instantaneous 
bandwidth of 500 MHz limited only by the measurement 
setup. 

A novel 16x1 beamformer design was reported in | [89| . 
The beamformer was designed to meet the requirements of 
a Ku-band PAA system with instantaneous bandwidth of 
more than 4 GHz and a maximum time delay of 290 ps. 
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Figure 20 (a) Overview of the 16x1 OBFN chip layout (13 nnnnx70 mm). Waveguides, heaters for electro-optical tuning, bond pads, 
and lines for electrical control are visible. The insets provide a closer view of the tunable combiner of the phase shifter, and of the ORR. 
(b) Photograph of the packaged chip. [90], courtesy of the OSA. (c) Functional design of the 16x1 photonic beamformer showing the 
ORR delay elements and the sideband filter, (d) Chip layout of the BFN showing the optical waveguides, the heaters layout and the 
electrical wiring. The chip dimension is 22 mmx7 mm. (e) The 16x1 photonic BFN chip pictured with a 20 Euro-Cent coin for size 
comparison. 



For the total PAA system, 32 of these beamformers will 
be used to beamform a large scale PAA of 2048 antenna 
elements. The complete system level analysis of this PAA 
system using the optical beamformers was reported in |88|. 
The novel beamformer consists of 40 ORRs. From the sys- 
tem level simulations, it was concluded that to have a good 
noise figure and SNR at the receiver output, the waveguide 
propagation loss should not exceed 0.2 dB/cm. For this rea- 
son, and for the sake of foot-print reduction, the beamformer 
was fabricated using the double- stripe TriPleX^M waveguide 
technology. As reported in [93 J , these waveguides feature a 
propagation loss as low as 0.1 dB/cm while maintaining a 
tight bending radius down to 75 jim. For the beamformer 
reported in 1 88 89], the bend radius of the ORRs was chosen 
to be 125 jim. This enables a highly complex beamformer 
with a small total footprint of 22 mmx7 mm, which is a size 
reduction of nearly 10 times of the beamformer reported 
in |90|. The schematic, layout and the photograph of this 



beamformer are shown in Figures 20 (c)-(e). For an imple- 
mentation in an actual PAA system, an important aspect of 
system stability and reliability must be addressed. For this 



reason, work towards hybrid RF and photonic integration 
of the passive optical beamformer in TriPleX^M technology, 
an array of surface normal electroabsorption modulators in 
InP platform and RF front-end is ongoing | 



8. Microwave signal generation 



Microwave signal generation techniques have enjoyed enor- 
mous progress over the past five years. The aim in such 
research activities is generating ultra broad bandwidth RF 
waves with arbitrary and reconfigurable phase and ampli- 
tude or to generate extremely stable and pure microwave 
carriers. In this section we review the integrated MWP ap- 
proaches in arbitrary waveform generation, ultrawideband 
(UWB) pulse shaping and stable carrier generation using 
optoelectronic oscillators (GEO). 
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Figure 21 On-chip arbitrary waveform generation using cascaded of 8 microring resonators in SOI platform, (a) Waveform generator 
system, (b) Optical image of the pulse shaper. (c) Example of waveform generation at 60 GHz (from [81], courtesy of the Macmillan 
Publishers Ltd). 



8. 1. Arbitrary waveform generation 

Microwave arbitrary waveform very useful for pulsed radar, 
modern instrumentation systems and UWB communications. 
However, current electronic arbitrary waveform generation 
(AWG) is limited in frequency and bandwidth. The current 
state-of-the-art electronics AWG operates at a maximum 
bandwidth of 5.6 GHz and a frequency up to 9.6 GHz|^ Pho- 
tonics, on the other hand, has become a promising solution 
for generating high-frequency microwave waveforms 1 1 ,21 1. 
A variety of MWP techniques have been proposed during 
the past few years that can generate microwave waveforms 
in the gigahertz and multiple gigahertz region. These in- 
clude direct space-to-time mapping 1 179], spectral shaping 
and wavelength-to-time mapping 1 1 8Q^,181J and temporal 
pulse shaping. With these techniques, frequency-chirped, 
and phase coded microwave waveforms have been demon- 
strated. 

But the above mentioned techniques have been imple- 
mented using complex bulk optic devices which can be 
expensive, complicated and bulky. Another option is to use 
all-fiber pulse-shaper. For example, a linearly chirped mi- 
crowave waveform can be generated by spectral shaping 



^ Tektronix AWG7122C. See: http://www.tek.com/signal 



generator/awgyOOO-arbitrary-waveform-generator 



using chirped FBGs followed by frequency-to-time map- 
ping in a dispersive device 1 182|. But fiber-based devices 
lack of programmability which is necessary in arbitrary 
waveform generation. 

An on-chip integrated pulse shaper is thus a desirable 
solution to overcome the limitations commonly associated 
with conventional bulk optics pulse shapers. Recently, re- 
searchers at Purdue University demonstrated an integrated 
ultrabroadband arbitrary microwave waveform generator 
that incorporates a fully programmable spectral shaper fab- 
ricated on a silicon photonic chip |[8m[8T|. The spectral 
shaper is a reconfigurable filter consisting of eight add-drop 
microring resonators on a silicon photonics platform. Ultra- 
compact cross-section (500 nmx250 nm) silicon nanowires 
have been used to fabricate the rings |80|. The typical bend- 
ing radius used was 5 fim and the waveguide propagation 
loss was around 3.5 dB/cm |69|. This spectral shaper pro- 
grammability is achieved by thermally tuning both the reso- 
nant frequencies and the coupling strengths of the microring 
resonators. A cartoon of the spectral shaper and an optical 
image showing two channels of ring resonators with micro- 
heaters are shown in Figure [21] (a) and (b), respectively. 

The principle of the photonic arbitrary microwave wave- 
form generation system implemented here is shown in Fig- 
ure[2T](a).The spectral shaper is used to modify the spectrum 
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emitted from a mode-locked laser. The shaped spectrum 
then undergoes wavelength-to-time mapping in a dispersive 
device, which in this case is a length (5.5 km) of optical 
fiber, before being converted to the electrical domain a mi- 
crowave waveform using a high-speed photodetector. By 
incorporating the spectral shaper into a, a variety of different 
waveforms are generated, including those with an apodized 
amplitude profile, multiple 7t phase shifts (Figure 21 (c)), 
two-tone waveforms and frequency-chirped waveforms at 
the central frequency of 60 GHz. 

In another demonstration of arbitrary waveform genera- 
tion using PIC, a planar lightwave circuits (PLCs) fabricated 
on silica-on-silicon is used to generate pulse trains at 40 
GHz and 80 GHz with flat-top, Gaussian, and apodized 
profiles f5^. The pulse shaper is a 12 tap finite impulse 
response (FIR) filter that performs both phase and ampli- 
tude filtering. It is implemented as 12 stages of cascaded 
Mach-Zehnder interferometers each with an FSR of 80 GHz, 
which corresponds to a temporal tap separation of 12.5 ps. 
The waveguide cross-section used for the PLC fabrication is 
designed to be 3.5 /imx3.5 /im. The curved portions of the 
circuit have a radius of at least 2 mm in order to minimize 
bending losses. The propagation loss of the waveguides is 
0.7 dB/cm. 



8.2. Impulse radio UWB pulse shaping 

In the last five years numerous techniques have been pro- 
posed for the so-called photonic generation of impulse-radio 
UWB (IR-UWB) pulses. In this approach UWB signals are 
generated and later on distributed in the optical domain 
to increase the reach of the UWB transmission, similar to 
the more general concept of radio over fiber. The gener- 
ated pulses are usually the variants of Gaussian monocycles, 
doublets or in some occasion higher-order derivatives of 
the basic Gaussian pulses. These techniques usually aim at 
generating the pulses which power spectral densities (PSD) 
satisfy the regulation (i.e. spectral mask) specified by the 
U.S. Federal Communications Commission (FCC) for in- 
door UWB systems. Different techniques that have been 
proposed for IR-UWB pulses generation, such as spectral 
shaping combined with frequency-to-time mapping, nonlin- 
ear biasing of an MZM, spectral filtering using MWP delay- 
line filters 1 183 1, or using PM-IM conversion to achieve 
temporal differentiation of the input electrical signals. A 
comprehensive review on these techniques is given in 1 184|. 

Integrated photonics technologies have also been ex- 
ploited in the approach of IR-UWB signal generation 
|[82H84||92l |TTQ|[TTIj[T3^ Liu et al. reported the use of 
an SOI ORR as a temporal differentiator to shape input 
Gaussian electrical pulses into their first-order derivatives 
(i.e., monocycles) 1 130|. Using the a similar technique, a 
silicon add-drop ORR has been used to generate monocy- 
cles from a 12.5 Gb/s NRZ signals |82|. However, Gaussian 
monocycles cannot fill the FCC spectral mask with high 
efficiency. For this reason, higher order derivatives of the 
Gaussian pulses are often desired. Marpaung et al. recently 
reported the use a cascade of two add-drop ORRs in TriPleX 



technology to generate the second-order derivatives (dou- 
blets and modified doublets) of the input Gaussian pulses 
used to modulate the phase of the optical carrier | [92| . The 
PM-IM transfer using the cascaded ORRs forms an MWP 
bandpass filter that shapes the input Gaussian spectrum ac- 
cordingly. This is the integrated photonics implementation 
of the MWP delay-line filtering technique. An example of 
the spectral filtering to generate the Gaussian doublet is 
shown in Figure [22] 

An important aspect in IR-UWB pulse shaping is to 
fill the spectral mask with a high power efficiency. Very 
recently, Mirshafiei et al. have demonstrated an output pulse 
obtained from a linear combination of a Gaussian pulse and 
its copy, filtered using a silicon ORR. By careful adjustment 
of the amplitude and relative time delay between the pulses, 
an output pulse with a power efficiency of 52% has been 
obtained f84| . 

Recently, on-chip nonlinear optics have been used for 
IR-UWB generation. These include a monocycle generation 
based on two-photon absorption in a silicon waveguide 1 83] 
and monocycles generations exploiting the parametric at- 



tenuation effect of sum-frequency generation (SFG) | |110| | 
or using the quadratic nonlinear interaction seeded by dark 
pulses |11H in a periodically poled lithium niobate (PPLN) 
waveguide. We expect to see more techniques based on 
on-chip nonlinear techniques for AWG and IR-UWB. 



8.3. Optoelectronic oscillator and optical comb 
generation 

In 1986 Steve Yao and Lute Maleki, two researchers then 
at the Jet Propulsion Laboratory proposed a new type of 
high-performance oscillator known as the optoelectronic os- 
cillator (OEO) | 185| . The typical configuration of an OEO, 
which is shown Figure [23] (a), is based on the use of opti- 
cal waveguides and resonators, which exhibit significantly 
lower loss than their electronic counterparts. Typically, light 
from a laser is modulated and passed through a long length 
of optical fiber before reaching a photodetector. The output 
of the photodetector is amplified, filtered, adjusted for phase 
and then feedback to the modulator providing self- sustained 
oscillation if the overall round trip gain is larger than the 
loss and the circulating waves can be combined in phase. 

Optoelectronic oscillators (OEOs) are thus ultra-pure 
microwave generators based on optical energy storage in- 
stead of high finesse radio-frequency (RF) resonators. These 
oscillators have many specific advantages, such has excep- 
tionally low phase noise, and versatility of the output fre- 
quency (only limited by the RF bandwidth of the optoelec- 
tronic components). Such ultra-pure microwaves are indeed 
needed in a wide range of applications, including time- 
frequency metrology, frequency synthesis, and aerospace 
engineering. 

The spectral purity of the signal in the OEO is directly 
related to the Q-factor of the loop and so far, most OEOs 
utilize a long length of fiber to achieve high spectral pu- 
rity. A disadvantage of using a fiber loop is the production 
of super modes that appear in the phase noise spectrum 
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Figure 22 Measurement results on 
the doublet generation with a cas- 
cade of two ORRs. (a) Measured 
two ORRs through responses de- 
picted together with simulation re- 
sults, (b) Waveforms of the gener- 
ated doublet, (c) Power spectral den- 
sity of the generated doublet com- 
pared with the theoretical response, 
(d) Comparison of the theoretical and 
the measured transfer function of the 
microwave photonic filter synthesized 
for the doublet generation (from [92], 
courtesy of the OSA). 



caused by the propagation of waves multiple times around 
the OEO loop. In addition, a fiber delay line is bulky, so 
that the oscillators can not be considered as an optimal so- 
lution for the implementation of transportable microwave 
source. Along the same line, this bulky delay line element 
has to be temperature- stabilized, a feedback control process 
which is energy consuming. One solution to circumvent all 
these disadvantages has been proposed which also leads 
to the possibility of full integration of OEOs. It consists 
in replacing the optical fiber loop by a high Q-factor cav- 
ity implemented by means of a whispering gallery mode 
resonator (WGMR) | 186ttl89J . WGMRs ranging in size 
from a few hundred micrometers to a few millimeters can 
be fabricated from a wide variety of optically transparent 
materials reaching Q-factors in the range of 3 x 10^^. OEOs 
based on high-Q WGMRs made from electro-optic materi- 
als can provide high performance in a miniaturized package 
smaller than a coin, as shown in Figure [23] (b) and (c) 1 186], 
operating in frequency ranges from 10 to 40 GHz and featur- 
ing instantaneous linewidths below 200 Hz. Furthermore, in 
this configuration, the resonator, serves both as the high-Q 
element and as the modulator in the OEO loop. 



(a) 



Optical Comb generation on a chip |190| is also of great 
interest in microwave photonics as it enables several applica- 
tions such as the precise measurement of optical frequencies 
through direct referencing to microwave atomic clocks 1 191 1 
and the production of multiple taps for high sidelobe rejec- 
tion signal processors [ 192|. Combs have been traditionally 
generated using mode-locked ultrafast laser sources but re- 
cently the generation of optical frequency combs through 
the nonlinear process of continuous-wave optical-parametric 
oscillation using micro- scale resonators has attracted sig- 
nificant interest since these devices have the potential to 
yield highly compact and frequency agile comb sources. In 
particular [191J reports the generation of optical frequency 
combs from a highly-robust CMOS -compatible integrated 



mi. 



High-Q optical 
storage element 




Figure 23 (a) Block diagram of a generic OEO. (b) and (c) Minia- 
ture OEO based on a lithium niobate WGMR (from [186j, courtesy 
of the Macmillan Publishers Ltd). 



microresonator optical parametric oscillator where both the 
microresonator and the coupling waveguide are fabricated 
monolithically in a single silicon nitride layer using electron- 
beam lithography and subsequently clad with silica. This ap- 
proach brings the advantage of providing a fully-monolithic 
and sealed device with coupling and operation that is insen- 
sitive to the surrounding environment. 
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9. Other emerging applications 

A number of emerging and exciting applications have sur- 
faced in the past years. They are beyond the scope of this 
paper, but are worthy to mention here due to their potential. 
These approach have taken the full advantage of the avail- 
ability of PIC technologies. The first application is funda- 
mental computing functions like differentiation and integra- 
tion. Recently, photonic differentiators using SOI integrated 
Bragg-gratings |193| and all-optical temporal integration 
using an SOI four-port microring resonator |132 194| have 
been reported. These devices have applications in real time 
analysis of differential equations. 

On chip microwave frequency conversion is another 
technique that recently received increasing interest. In this 
approach, RF frequency mixing for signal upconversion 
and downconversion is performed in a photonic integrated 
circuit. In 1 195], the RF mixer is realized in silicon electro- 
optical MZ modulator enhanced via slow-light propagation. 
An upconversion from 1 GHz to 10.25 GHz was demon- 
strated. In [ |196J , Jin et al. proposed the so-called RF pho- 
tonic link on chip PIC which can operate in a linear mode 
(as an MWP link) or a mixer mode for microwave frequency 
conversion. The device used for the mixing is the ACP- 
OPLL receiver reported earlier |46|. Frequency downcon- 
version from 1.05 GHz to 50 MHz was demonstrated. 

A very exciting emerging application is the photonic 
analog-to-digital conversion (ADC). Photonic ADCs have 
been actively investigated over the last decades; an overview 
and classification of photonic ADCs can be found in an 
excellent review by Valley 1 197|. Recently, a chip incorpo- 
rating the core optical components of the photonic ADC 
(a modulator, wavelength demultiplexers, and photodetec- 
tors) has been fabricated in silicon photonics and shown to 
produce 3.5 ENOB for a 10 GHz input 1 138, 139 1. 

The final application is frequency measurement and 
spectrum analysis. The recent year have shown increase 
in techniques for instantaneous microwave frequency mea- 
surement (IFM). Wide bandwidth is the main attraction to 
do IFM system with photonics, compared to purely elec- 
trical solution. An added value will be fast reconfigurabil- 
ity, lightweight, transparency to microwave frequencies and 
small form factor. Such systems can readily be applied in the 
military and security applications [22|. As for the spectrum 
analysis, on-chip RF spectrum analyzer with THz bandwidth 
based on nonlinear optics have been demonstrated both in 
chalcogenide |122| and SOI |198 | waveguides. These de- 
vices will find application in high speed optical communica- 
tions. 



10. Prospective: what's next for integrated 
MWP? 

We believe that integrated MWP has just started to bloom 
and is set to have a bright future. Continuing the current 
trend, we believe that MWP filters will continue as the lead- 
ing signal processing applications. We expect to see more 



demonstration of PIC based MWP filters, involving res- 
onators and/or photonic crystals. We also expect to see more 
use of nonlinear optics for MWP signal processing. For ex- 
ample four- wave mixing (FWM) for enhancing the gain of 
MWP link [199J and for MWP filtering [161 20 0] have been 
reported. Moreover, SBS on chip based on chalcogenide has 
just been reported [ |12Q| . This has been demonstrated for 
delay line fT2Tl and MWP filter |fT23l. It is expected that 
this phenomena will also be used for beamforming and 
MWP link. Recently the SBS on silicon chip has been pre- 
dicted |2Q1| |. In the near future this will also be useful for 
integrated MWP. From the modulation technique point of 
view, the use of phase or frequency modulation is predicted 
to show significant rise in interest. Recently, a beamformer 
based on PM has been proposed | 202 |, as well as radio over 
fiber link |203 |. More systems will also take advantage of 
simultaneous phase and intensity modulation | 204 |. These 
systems will also use FM discriminator to synchronize the 
two modulation scheme and to enhanced the link gain and 
SFDR. In the technology level, it is expected to see efforts 
in reducing the loss of optical waveguides even further as 
well as reducing the power consumption for tuning and re- 
configurability, either for thermal tuning [2Q5j |, or tuning 
using other cladding materials like liquid crystals 1^06 1 or 
chalcogenides |207 |. To realize high performance circuits, 
many MWP applications will take the advantage of a mix- 
ture of optical and electronic devices. It is anticipated that 
future work will merge these two technologies and be deal- 
ing with the issues of creating integrated circuits involving 
both technologies. Finally, the field will see an increase in 
implementation of PICs for the generation and processing 
of THz signals and waveforms, as reported in [208 , 209 1. 
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